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Abstract 
Surface plasmon resonance (SPR) biosensors have attracted great attention in scientific 
research in the past three decades. Extensive studies on the immobilisation of biorecognition 
elements have been conducted in pursuit of higher sensitivity, but trialled formats have 
focussed on a thin layer modification next to the plasmon film, which usually requires in situ 
derivatization. This thesis investigates an ‘off-chip’ immobilisation strategy for SPR 
biosensing using silica particles and considers the implications of a particle-modified 
evanescent field on the signal amplitude and kinetics, for an exemplar affinity binding 
between immobilised IgG and its anti-IgG complement. 
Submicron silica particles were synthesized as carriers for the bio-recognition elements. They 
were then immobilised to form a sub-monolayer on the gold film of an SPR biosensor using 
two methods: thiolsilane coupling and physical adsorption aided by mechanical pressure. The 
bio-sensitivity towards an antigen/antibody interaction was lower than an SPR biosensor with 
an alkanethiolate SAM due to the difference in ligand capacity and position in the evanescent 
field. The binding kinetics of antigen/antibody pair was found to follow the Langmuir model 
closely in a continuous flow configuration but was heavily limited by the mass transport from 
the bulk to the sensor surface in a stop-flow configuration. 
A packed channel configuration was designed with larger gel particles as ligand carriers, 
packed on top of a gold film to create a column-modified SPR biosensor. This sensor has 
comparable bio-sensitivity to the previous sub-monolayer particle-modified systems, but the 
binding and dissociation of the analyte was heavily dependent on mass transport and binding 
equilibria across the column. A bi-directional diffusion mechanism was proposed based on a 
two-compartment mass transport model and the expanded model fitted well with the 
experimental data. The column-modified sensor was also studied by SPR imaging and 
analyte band formation was observed and analysed. Using the lateral resolution, a 
multiplexing particle column configuration was explored, and its potential in distinguishing a 
multicomponent analyte.  
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 Chapter 1 Introduction 
1.1 Biosensors – An Overview 
1.1.1 Fundamentals of A Biosensor 
A biosensor is a device which converts a biological event, for example, the binding 
between an analyte and a capture ligand, into a physiochemical signal such as colour 
change or electrochemical potential variation.  
Biosensors as a concept were first introduced by Clark and Lyons in 1962 when they 
developed an amperometric enzyme-based electrode for the detection and measurement of 
glucose in any medium [1]. Since then, a tremendous amount of effort has been dedicated 
to this field and the area has expanded way beyond electrochemical glucose biosensors. 
Nonetheless, the fundamental principle that constitutes the terminology “biosensor” stays 
the same. A biosensor always has a bio-element and a sensor element. Researchers 
discover and innovate within the confinement of either domain or both. Figure 1.1 shows 
the generally employed bio-elements and sensor elements in biosensors. For example, a 
well-known glucose testing strip employs an enzyme as the bio-element and an 
electrochemical transducer as the sensor element. The final readout is an electrical signal. 
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Figure 1.1 Generally employed bio-element and sensor element in biosensors. 
For the biosensor to work, the bio-element and the sensor element must be coupled. There 
are generally four coupling methodologies that incorporate the bio-element into the sensor 
element: physical adsorption and entrapment, membrane immobilisation, covalent 
amalgamation and matrix entrapment. Physical adsorption involves the use of 
intermolecular forces such as hydrophilic/hydrophobic forces, Van Der Waals forces and 
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ionic forces for the bio-element to attach to the sensor element without a third medium 
[2]. Membrane immobilisation mainly uses a semi-permeable membrane that is directly 
on the sensor-element as a place for the bio-element to be embedded. The membrane acts 
as a different phase in this type of coupling [3]. Covalent amalgamation is similar to 
physical adsorption in the sense that there is no third medium involved but direct 
attachment. Instead of intermolecular forces employed in physical adsorption, covalent 
amalgamation takes advantage of covalent bonding [4]. Finally, matrix entrapment is the 
use of a porous substance such as sol or gel to restrict the bio-element, and the matrix 
encapsulation forms a direct link with the sensor element [5]. Figure 1.2 illustrates the 
four methodologies. 
 
Figure 1.2 Coupling mechanisms between the bio-element and the sensor element. (A) Physical 
adsorption, (B) Covalent bonding, (C) Membrane encapsulation, and (D) Matrix entrapment. 
1.1.2 Biosensor Applications 
Through the development of half a century, biosensors have been researched extensively 
and have been applied in many aspects of our daily lives. A few of the representative 
impactful applications are summarised here with details on the bio-recognition elements 
and the transduction modalities.  
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Table 1.1 Applications of biosensors in disease prognosis. 
Analyte Bio-
recognition 
element 
Sample 
medium 
Transduction 
modality 
Reference 
Prostate-specific 
antigen (PSA) 
DNA 
aptamer 
Buffer Chemiluminescent [6] 
DNA 
aptamer 
Buffer Electrochemical [7] 
Pancreatic cancer 
marker  
Antibody Buffer SPR [8] 
Colorectal cancer 
marker 
carcinoembryonic 
antigen (CEA) 
Antibody Buffer SPR & 
Electrochemical 
[9] 
Antibody Buffer Electrochemical [9, 10] 
Epstein-Barr virus Synthetic 
peptide 
Buffer SPR [12] 
Antibody Clinical 
serum 
SPR [13] 
Hepatitis G virus Synthetic 
peptide 
Buffer ELISA [14] 
Hepatitis B virus Antibody Serum SPR [15] 
Antibody Buffer, 
blood 
serum and 
plasma 
LSPR [16] 
Dengue virus Antibody Buffer Electrochemical [17] 
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Synthetic 
peptide 
Buffer ELISA [18] 
Synthetic 
peptide 
Buffer Electrochemical [19] 
Influenza virus Antibody Buffer SPR [20] 
Antibody Saliva SPR [21] 
ssDNA Buffer Electrochemical [22] 
 
 
1.1.2.1 Biomedical Applications 
Biosensors have been extensively applied to the biomedical field. One of the most 
impactful applications is electrochemical blood glucose sensing for the management of 
diabetes. The first mediated amperometric glucose sensor for home use by people with 
diabetes was launched to the market in 1987 [23]. Since then it has been expanded to a 
billion-dollar business. The global glucose biosensor market was estimated at 15.3 billion 
USD in 2015 and the outlook is that it will continue to grow to reach 31 billion by 2022 
[24]. Another major application in the health monitoring field is pregnancy tests. The first 
home test kit for the detection of human chorionic gonadotropin (hCG) was invented in 
1968 [25] and now the projected market size by 2022 is 489.3 million USD with an 
annual growth of 4.5% [26]. Some other applications in disease prognosis are listed in 
Table 1.1. 
1.1.2.2 Food Quality Control 
The food industry requires analytical methods for checking the safety and quality of 
foods. There are many well established methodologies and laboratory instrument 
techniques such as high-performance liquid chromatography (HPLC), gas 
chromatography (GC), etc. Biosensors represent a desirable alternative to identify any 
chemical and/or biological contaminants in foods as they are quick, portable, cheap and 
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easy to handle. Numerous biosensors have been developed to detect pathogens in food 
and some of them are listed in Table 1.2. 
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Table 1.2 Applications of biosensors in food quality control. 
Analyte Bio-
recognition 
element 
Sample 
medium 
Sensor type Reference 
Escherichia coli (E. 
coli) 
Antibody Culture SPR [26 – 28] 
Antibody Culture Electrochemical [30] 
ssDNA Culture Electrochemical [31] 
Salmonella enteritidis Antibody Culture SPR [28, 31] 
Antibody Liquid SPR [33] 
Antibody Solid Fluorescent [33 – 35] 
Phage Solid Magnetoelastic [37] 
Listeria 
monocytogenes (L. 
monocytogenes) 
Antibody Solid Fluorescent [34], [38] 
Antibody Culture Fluorescent [39] 
Antibody Culture SPR [28, 39] 
Antibody Culture Piezoelectric [41] 
Antibody Culture Electrochemical [42] 
Staphylococcus aureus 
(S. aureus) 
Antibody Culture SPR [43] 
Phage Culture SPR [44] 
ssDNA Culture Fluorescent [45] 
Aptamer Solid Electrochemical [46] 
Domoic acid Antibody Buffer SPR [46 – 48] 
Antibody Buffer Electrochemical [50] 
Aflatoxin B1 Aptamer Buffer Fluorescent [51] 
Antibody Buffer Piezoelectric [52] 
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Enzyme Buffer Electrochemical [53] 
 
 
1.1.2.3 Environment Monitoring 
A growing number of initiatives and legislative actions for environmental pollutant 
control have taken place in recent years. The increasing social concern has sparked 
tremendous effort in scientific research. An ideal analytical tool for environmental 
monitoring needs to be portable, rapid, and cheap. Biosensors have proved to be a great 
option that check all the boxes if designed properly. Numerous biosensors that employ 
different detection schemes have been developed for a variety of pollutants. Some recent 
examples are listed in Table 1.3 
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Table 1.3 Applications of biosensors in environmental monitoring. 
Analyte Bio-
recognition 
element 
Sensor type Reference 
Atrazine Enzyme Electrochemical [54, 55] 
Antibody Piezoelectric [56] 
Antibody SPR [57] 
Dichlorodiphenyltrichloroethane 
(DDT) 
Antibody SPR [58] 
Antibody Nanomechanical [59] 
2,4-dichlorophenoxyacetic acid 
(2,4-D) 
Antibody Fluorescent [60] 
Antibody SPR [61] 
Antibody Piezoelectric [62] 
Cu2+ ssDNA Fluorescent [63] 
Cell Electrochemical [64] 
Cadmium Enzyme SPR [65] 
Synthetic 
peptide 
LSPR [66] 
Protein SPR [67] 
Chromium Enzyme Electrochemical [68 – 70] 
Lead Enzyme Electrochemical [71] 
Aptamer Fluorescent [72] 
Mercury Cell Luminescent [73, 74] 
2,4,6-trinitrotoluene (TNT) Antibody SPR [75] 
Enzyme Electrochemical [76] 
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1.2 Surface Plasmon Resonance Biosensors 
Surface plasmon resonance (SPR) has been a major modality in the development of 
biosensors. The versatility of an SPR biosensor allows it to be employed in many 
analytical fields if a suitable bio-affinity interaction exits for an analyte of interest. The 
physics behind the SPR phenomenon, various sensor configurations, some performance 
parameters and the advantages of SPR biosensors are reviewed in this section. 
1.2.1 SPR Theory 
Surface plasmon resonance or SPR is the phenomenon where a special mode of 
electromagnetic field propagates along the surface of a metal/dielectric interface due to 
collective vibrations of the electron cloud in the metal film excited by photons. The 
resonant electromagnetic field is called surface plasmon in this case [77]. The evanescent 
field of the electromagnetic wave is sensitive to the refractive index change in the 
dielectric medium. Figure 1.3 shows an illustration of surface plasmon propagation in 
different media.  
 
Figure 1.3 Illustration of surface plasmon propagation along the metal/dielectric interface before and 
after biomolecule immobilisation. 
Quantitatively, the propagation constant of surface plasmon β propagating along a planar 
boundary between a semi-infinite metal with a complex permittivity constant 𝜀𝑚 = 𝜀𝑚
′ +
𝑖𝜀𝑚
′′  and a semi-infinite dielectric with a refractive index n can be expressed as 
 
𝛽 =
2𝜋
𝑐𝜆
√
𝑛2𝜀𝑚
𝑛2 + 𝜀𝑚
=
2𝜋
𝑐𝜆
(𝑛𝑒𝑓 + 𝑖𝛾𝑖) (1.1) 
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where 𝜆 is the wavelength of the excitation light and 𝑐 is the speed of light in vacuum. 
The real and imaginary parts of the propagation constant can be expressed by means of 
the effective index 𝑛𝑒𝑓 and the attenuation coefficient 𝛾𝑖 of the plasmon [78]. 
Light waves can only couple to a surface plasmon at a metal-dielectric interface if the 
incident light’s wavevector, which is parallel to the interface, matches the propagation 
constant of the surface plasmon. [79]. As a result, surface plasmons cannot be excited 
directly by light incident on a smooth metal surface. The main methods of optical 
excitation of surface plasmons include attenuated total reflection (prism coupling), 
diffraction on a metallic grating (grating coupling) and evanescent wave coupling 
between dielectric and plasmonic waveguides (waveguide coupling).  
 
Figure 1.4  Coupling methods between incident light waves and surface polaritons. (A) Prism coupling, 
(B) waveguide coupling, and (C) grating coupling. Adapted from [79] 
Prism coupling is the most suitable choice for fast prototyping since the prism is easy to 
assemble and the metal film is easy to fabricate. In this coupling mode, a coupling prism 
is interfaced with a thin metal film and the evanescent wave created by the attenuated 
total reflection of the light incident on the prism/metal interface couples with the surface 
plasmon if 
 𝑛𝑝 sin 𝜃 = 𝑛𝑒𝑓 (1.2) 
where 𝜃 is the incident angle and 𝑛𝑝 is the refractive index of the prism [77]. 
The evanescent field penetration depth can be calculated through the following equation: 
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𝐷𝑝 =
𝜆
2𝜋√sin2 𝜃1 − (
𝑛0
𝑛𝑝
)
2
 
(1.3) 
and the field strength 𝐸 at a given depth 𝑧 is given by: 
 
𝐸 = 𝐸0𝑒
(−
𝑧
𝑑𝑝
)
 (1.4) 
where 𝐸0 is the evanescent field at the surface and 𝑛0 is the refractive index of the 
dielectric media to be sensed [80]. 
Surface plasmon only propagates a distance of a fraction of the wavelength of excitation 
light. Since the intensity decreases exponentially with the distance from the surface, the 
most sensitive region is the medium closest to the metal/dielectric interface. This causes 
inefficiency in biosensor applications and is discussed in the next section. 
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1.2.2 Generic SPR Sensor Configuration 
Since surface plasmon is sensitive to the refractive index change near the metal/dielectric 
interface, the resonance phenomenon can be engineered to detect local refractive index 
change caused by binding of target analyte onto the surface. An SPR biosensor can be 
characterised by its light coupling method, configuration, modulation and 
functionalisation strategy. The light coupling method has been mentioned previously in 
Section 1.2.1. Taking the most common prism coupling method as an example, there are 
two types of configurations used to couple surface plasmon polaritons to the sample 
medium as shown in Figure 1.5: that are termed the Kretschmann configuration [81] and 
the Otto configuration [82]. In general, the two configurations show similar efficiency in 
coupling with the surface plasmon polaritons while the Kretschmann scheme provides 
better flexibility regulating the sample media (chamber, channel or cell).  
 
Figure 1.5 The Kretschmann (a) and Otto (b) configurations of surface plasmon polariton coupling. 
In terms of modulation strategies, three are widely used in the literature: angular 
modulation, wavelength modulation and phase modulation. In an angular modulation set-
up, a monochromatic laser with fixed wavelength is used as the light source and the 
sensor is fixed on a rotating stage which loops from a certain angle to another back and 
forth. The response is collected as the reflectance against the angle of incidence. In a 
wavelength modulation set-up, a white light (combination of light in different 
wavelengths) is used as the light source and the sensor is fixed at a certain angle. The 
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response is collected as the reflectance against the spectrum of the reflected light. In a 
phase modulation set-up, a monochromatic laser is used as the light source and the beam 
is split into a signal beam and a reference beam. The signal beam passes through the SPR 
sensor and the result is a relative phase shift when compared with the reference beam in 
the phase detector [83]. Among the three modulation techniques, phase modulation has 
the highest sensitivity but the most complexity. Literature suggests that the sensitivity of 
the wavelength modulation is comparable to that of the angular modulation [84]. 
Additionally, it is obvious that spectral SPR measurement has advantages over angular 
SPR measurement because of the lack of moving parts and fast readout. Some angular 
techniques are formatted to provide a measurement of angular shift relative to intensity at 
a fixed wavelength close to the resonance. While this does not allow the full angular 
spectrum to be recorded, it also avoids moving parts. Other ingenious ways to deliver the 
full angular spectrum have also been devised [85]. 
1.2.3 Performance Parameters 
There are several parameters, namely the sensitivity, the figure of merit and the 
resolution, to characterise the performance of SPR sensors. Sensitivity is defined as the 
ratio of change in the optical output with respect to the change in refractive index. 
Depending on the modulation, the sensitivity S may be expressed in different forms: 
 
𝑆 =
𝜕𝑃
𝜕𝑛
 (1.5) 
where 𝑃 represents the optical output in general. In a wavelength modulation, the output 
is the wavelength, 𝜆, while in an angle modulation, the output is the incident angle, 𝜃. 
In an SPR biosensor, it is impractical to quantify the refractive index change. More 
commonly, the change of refractive index is substituted by the change in the measured 
quantity (e.g. concentration of analyte). 
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𝑆 =
𝜕𝑃
𝜕𝑐
 (1.6) 
where 𝑐 represents the concentration of the analyte. 
The figure of merit (FoM) represents the quality of the resonance. For a clean and 
uniform metal surface at a certain thickness, the resonance peak is narrow and sharp. The 
FoM is expressed in terms of the sensitivity (S) and the line width of the resonance peak 
(the full width at half maximum, FWHM): 
 
𝐹𝑜𝑀 =
𝑆
𝐹𝑊𝐻𝑀
 (1.7) 
In general, a sharper resonant peak translates to a smaller FWHM which results in a 
higher figure of merit. 
The resolution represents the lowest change in the refractive index that can be detected. In 
many cases, it is also called the detection limit. The lowest magnitude of detection 
depends on the level of noise in the optical output expressed as the standard deviation 𝜎 
of a static reference signal. 
 𝛿𝑛 =
𝜎𝑛
𝑆
 (1.8) 
1.2.4 Advantages of an SPR Biosensor 
A biosensor based on SPR has several advantages compared to those based on other 
principles [86]. First, it is a label-free detection mechanism that simplifies sample 
preparation. It can also be combined with other labelled detection methods to enhance 
sensitivity and selectivity. Secondly, it can be tailored to detect any analyte if it has a 
capture (or affinity) ligand that can be immobilised on the surface of the sensor. So far, 
many kinds of analyte have been successfully detected using SPR sensors, for instance, 
nucleic acids [87 – 89], antibodies [90 – 94], bacteria [95, 96], etc. Thirdly, SPR detection 
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is in real-time. It possesses great potential for instant diagnostic tests. Finally, the sensor 
can be configured to work in a continuous monitoring mode or a one-time analysis mode 
depending on the application. The continuous monitoring mode especially reveals 
information on the kinetics of binding which is important in many areas such as drug 
development [87, 97 – 100]. Resolving the dissociation and association reveals the entire 
picture of complex formation process. This information is especially critical when 
identifying the roles of specific functional groups both within a target and within a 
compound.  
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1.3 SPR Biosensor Developments 
In 1982, Liedeberg and Nylander demonstrated the first biosensor utilising SPR as an 
optical biosensor [101]. Over the past three decades, this field of research has experienced 
considerable growth as shown in Figure 1.6. Recent progress can be categorised into four 
categories: immobilisation of the bio-recognition element on the sensor, surface 
modification of the sensor, miniaturisation of the SPR biosensor system and integration 
with other delivery system or sensing modalities. 
 
Figure 1.6 Number of publications each year with the key word “Surface Plasmon Resonance Biosensor” 
between 1990 to 2018. The data was retrieved in Sep 2018 from Web of Science.  
1.3.1 Bioreceptor Immobilisation Strategies 
SPR biosensors commonly use antibodies as the biorecognition elements. Although new 
bioreceptors have been developed, such as aptamers or imprinted polymers, antibodies 
[102] remain the most widely used biorecognition element due to their availability and 
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high affinity. The general direction of research on bioreceptor immobilisation on the 
surface has two branches: one is to increase the coverage of the bioreceptors so that the 
binding capacity is maximised; the other is to control the orientation of the bioreceptors 
such that they retain an optimal availability. Random orientation of the bioreceptors can 
be affected by steric hindrance and non-specific protein adsorption, resulting in 
inactivation and low binding capacity [103]. Oriented immobilisation normally provides a 
high sensitivity, but the immobilisation steps may get much more complicated and/or 
expensive. Some of the immobilisation strategies and their recent adoptions are reviewed 
below. 
1.3.1.1 Physical Adsorption 
Direct adsorption is the easiest and the most employed method of immobilisation. 
However, it is an uncontrolled and unspecific process that may result in inactivation and 
denaturation of the bioreceptors. Because of the direct contact between the metal surface 
and bioreceptors, the ligands may undergo conformational change. The suboptimal 
orientation of the bioreceptors also adversely affects binding. Some recent studies have 
compared the efficiency of physical adsorption with that of covalent coupling, specific 
adsorption via biotin orientation [104] and carbon nanotubes [105] and physical 
adsorption was proved to be the least effective immobilisation method. 
1.3.1.2 Covalent Coupling by Self-Assembled Monolayer 
Covalent attachment of the bioreceptors onto metal surfaces that are chemically modified 
has been the most widely used technique due to its relative simplicity and good 
performance. In particular, alkanethiolates are suitable for immobilising a variety of 
biomolecules onto gold surfaces. The method for functionalising the gold surface with 
alkanethiolates is simple and reproducible and the SAM formed on the gold surface 
provides a stable and ordered immobilisation foundation for bioreceptors and reduces 
non-specific adsorption [103]. The carboxylic acid at the other end of the alkanethiol is 
activated by N hydroxysuccinimide (NHS) and 1-ethyl-3(-3-dimethyl- aminopropyl) 
carbodiimide hydrochloride (EDC) and is capable to form a carbodiimide linkage with the 
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amine groups of the bioreceptors [106]. This immobilisation method has been employed, 
for example, in SPR biosensor detecting cancer biomarkers [107] and cell suspension 
[108].  
 
Figure 1.7 Illustration of carbodiimide coupling reaction pathway. Adapted from [106]. 
The technique of immobilisation using alkanethiolate SAM has also been expanded to 
using mixed layers of thiols. Tsai et al used a mixture of 16-Mercaptohexadecanoic acid 
(16-MHA), and 6-mercapto-1-hexanol (6-MCH) to form a SAM on the surface of an SPR 
biosensor and achieved higher sensitivity due to reduced non-specific binding and 
reduced steric hindrance. 
1.3.1.3 Immobilisation by Antibody Binding Proteins 
Proteins A and G are commonly used to immobilise antibodies on SPR biosensor 
surfaces. The immobilisation strategy requires the biosensor surface to be first 
immobilised with the antibody binding proteins often through covalent attachment. The 
immobilised antibody binding proteins then bind to the Fc region of the antibody 
bioreceptors leaving the Fab region which captures the analyte. Proteins A and G contain 
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4-5 and 2-3 IgG binding sites respectively, thus, the ligand antibodies can be properly 
oriented regardless of the protein orientation on the sensor surface. The resultant 
biosensor surface with the antibodies as bioreceptors are ready for the specific detection 
of the analyte [109, 110]. Furthermore, Protein G can be chemically or genetically 
modified to contain thiolates or cysteine residues so that they bind onto gold surfaces 
without an alkanethiolate layer [111 – 113]. Protein A conjugated with gold binding 
peptides (GBPs) [114, 115] and biotin tags [116] have also been reported to be 
immobilisation scaffolds on SPR biosensors. 
1.3.1.4 Biotin-avidin Specific Adsorption 
Another common choice to control the orientation of the bioreceptors during 
immobilisation is to use a biotin-avidin system. Biotin can be bound in a wide range of 
macromolecules (proteins, peptides, oligonucleotides and antibodies) while retaining its 
high binding affinity towards avidin or avidin-related molecules such as streptavidin, 
concanavalin and NeutrAvidin [117, 118]. One major disadvantage of this immobilisation 
strategy is the need to chemically modify the biotinylated antibodies which is time-
consuming and costly. Biotin-avidin systems can also be combined with other 
immobilisation strategies to increase efficiency [116]. 
 
Figure 1.8 Structural formula of biotin. 
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1.3.1.5 Polymer Supports 
A polymer immobilisation strategy provides a versatile and heterogeneous 3-dimensional 
matrix for the entrapment of bioreceptors through adsorption, diffusion and covalent 
coupling. One of the most well-known polymers is the dextran hydrogel used on the 
surface of CM5 SPR sensor chips in BIACORE systems. Dextran-hydrogel, typically 
about100 nm in thickness [119] has the advantage of providing many layers of binding 
sites for the bioreceptors compared to the single layer in a thiolated SAM. Thus, the 
ligand capacity on a dextran immobilised surface is higher resulting in a better sensitivity.  
 
Figure 1.9 Structural formula of dextran. 
A parylene coating, deposited by chemical vapor deposition, has also been demonstrated 
to improve the capture efficiency of antibodies by 20 fold when compared to 2-
dimensional glass surfaces [120]. A parylene coating has also been combined with biotin-
avidin coupling strategy to immobilise bioreceptors on SPR biosensors on an SPR 
biosensor and achieved a LOD of 1 pg/ml [121]. 
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Figure 1.10 Structural formula of a parylene N repeat unit. 
1.3.1.6 Fragmented Antibodies 
Antibodies that are chemically fragmented or genetically engineered to have only the 
F(ab) fragment left which contains the antigen-binding domain are another great 
alternative for oriented immobilisation of antibodies (Figure 1.11). The smaller and more 
efficient fragments allow for better accessibility and higher ligand capacity [122]. The 
free sulfhydryl groups exposed after the antibody fragmentation by enzyme digestion or 
chemical reduction have the added benefit of direct immobilisation on gold surfaces 
[123]. Recombinant single domain antibodies (sdAbs) have also been reported as an 
immobilisation strategy for SPR biosensors [117].  
 
Figure 1.11 Illustration of the structures of an antibody whole molecule and its F(ab) fragments. Adapted 
from [124]. 
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1.3.1.7 Surface Over-layers for Immobilisation  
Strategies have also been considered to cover the gold surface to provide a different 
chemistry for immobilisation. For example, silicon dioxide-based materials such as glass 
are standard materials for biosensing. It is inexpensive and attachment schemes for 
biomolecules based on silane-coupling have been well developed. However, for SPR 
biosensors, silica coatings on gold surfaces need to be nanometre-thin to not affect the 
sensitivity of the gold film. The fabrication techniques have been extensively researched. 
SiOx overlayers of 5-10 nm in thickness has been deposited on gold surfaces by plasma-
enhanced chemical vapor deposition (PECVD) [125]. The sol-gel technique has been used 
to achieve a silica film in situ of 3-100 nm in thickness and ligands were immobilised on 
the silica with a biotin-avidin system [126]. Layer-by-layer deposition of poly(allylamine 
hydrochloride) and sodium silicate followed by calcination at high temperature has also 
been demonstrated to create silicate films of thickness 2 to 15 nm on gold surfaces [127]. 
Alternatively, a thin layer of silica has been created by modification of a layer of spin-
coated polyhydroxymethylsiloxane using oxygen plasma and thermal treatment as 
reported by the Kasemo group [128, 129].  
Carbon-based overcoatings on SPR biosensors have also been reported. Amorphous 
carbon up to 20 nm thick has been deposited on SPR biosensors but it was found that the 
presence of it decreases the sensitivity of the biosensor due to the complex dielectric 
function of the amorphous carbon [130, 131]. Graphene is a 2-dimensional carbon-based 
material that has shown great potential in many aspects of research [132]. A thin layer of 
graphene on top of a traditional SPR biosensor has been found to improve the sensitivity 
of the sensor through increase biomolecule adsorption onto the surface by π-π stacking 
[133]–[135].  
Other films that have been tested on SPR biosensors are antimony-doped tin oxide 
(SnO2:Sb) [125] and indium tin oxide (ITO) [136]. However, the complex dielectric 
constant of the tin oxide decreases the sensitivity of the biosensor. 
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1.3.1.8 Particle Immobilisation 
Nanoparticles have long been used in SPR biosensors to enhance their sensitivity, but 
they are usually used as a label in a sandwich either to provide mass to the analyte or 
localised SPR coupling as discussed in detail in the next section. They are very rarely 
used as carriers or immobilisation supports for the bioreceptors on the SPR biosensor 
surface. Hua Zhang et al. reported an immobilisation method using a magnetic Au 
nanorod core-shell structure as the carrier [137]. The magnetic nanostructures were 
immobilised by magnetism and the bioreceptors were then immobilised on the 
nanostructures by alkanethiolates. The surface was easily regenerated by removing the 
magnetic field and flushing. 
1.3.2 Surface Modification 
Owing to advancements in nanotechnology, many nanostructures have been used to 
modify the surface of the traditional SPR sensor surface. These nanostructures improve 
the performance of the traditional SPR biosensor by either enhancing the evanescent field 
or the adsorption of analyte. Generally, the nanostructures can be categorised into three 
types: plasmonic nanoparticles that have localised SPR, non-plasmonic nanoparticles that 
facilitates the adsorption and finally nanostructure arrays that are fabricated directly onto 
the metal surface to enhance the SPR.  
1.3.2.1 Plasmonic Nanoparticles 
Gold and silver are known to have the best plasmonic properties and nanoparticles made 
of these materials are widely incorporated in conventional SPR biosensors to achieve 
ultra-high sensitivity. Theoretically, nanoparticles enhance the evanescent field by the 
coupling between localised surface polaritons (LSPs) and surface propagating polaritons 
(SPPs) [138]. Lévêque and Martin simulated the coupling between LSPs and SPPs and 
their result showed that it enhanced the electromagnetic (EM) field in the space between 
the nanoparticles and film by a factor up to 5000. [139, 140]. The EM field enhancement 
is shown to be usually the strongest in the gap between the nanoparticles and the film due 
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to near field coupling of the EM wave. Many ultra-sensitive SPR biosensors have been 
developed based on this coupling effect using spherical nanoparticles [141 – 145]. In 
those reports, Au nanoparticles have been utilised as a label to enhance the EM field 
around the analyte when the analyte is captured on the surface of the sensor film. Hong et 
al studied the enhancement by Au nanoparticles in detail and found that for 20 nm Au 
nanoparticles the dominant enhancement associated with the coupling between the LSPs 
and SPPs only occurs when the gap is smaller than approx. 8 nm. The enhancement 
beyond that distance is dominated by the mass of the Au nanoparticles [146]. Au 
nanorods have also been used together with an SPR biosensor to enhance its sensitivity 
and it offers tunability based on the orientation of the nanorods on the surface [143]. 
Kwon et al. compared the enhancement among three types of Au nanostructures (cubic 
cages, rods and quasi-spherical) and found that the greatest enhancement was observed 
for the quasi-spherical particles with the detection of thrombin concentrations as low as 
approx. 1 aM [147].  
 
Figure 1.12 Illustration of plasmonic coupling. Adapted from [148] 
1.3.2.2 Non-plasmonic Nanoparticles 
Other nanoparticles have also been introduced to SPR biosensors, such as quantum dots 
(QDs), magnetic nanoparticles, hydrogel nanoparticles and silicon nanoparticles. They 
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improve the sensitivity of the SPR biosensor by either enhancing the signal output or 
improving the capture of the analyte. 
QDs are semiconductor materials with size/composition-tuneable fluorescence and have 
been extensively utilised in sensing and imaging [149]. QD conjugated biomolecules have 
been detected at ultra-high sensitivity using SPR fluorescence microscopy in many reports 
[150 – 154]. Analogous to plasmonic nanoparticles, QDs are used as labels and need to be 
conjugated to the analyte for the sensitivity enhancement. The enhancement was 
attributed to the mass loading effect like the case with gold nanoparticles and/or a 
bidirectional coupling between the QDs and the SPPs where energy is transferred from 
SPPs to the excitons and the excited QDs prompt the generation of SPPs [155]. 
Magnetic nanoparticles have also been introduced into traditional SPR biosensors to 
enhance the sensitivity by enriching the analyte. 50 nm streptavidin-conjugated magnetic 
nanoparticles have been tested to amplify the signal on an SPR biosensor through a 
sandwich type immunoassay [137, 156 – 161]. It was also found that the magnetic 
nanoparticles not only enriched the analyte concentration, but also reduced the 
background noise by purification [162]. 
Apart from QDs and magnetic nanoparticles, other nanoparticles are not widely employed 
but are worth mentioning. Hydrogel nanoparticles have been used as carriers in single-
particle SPR microscopy to monitor the bioactive peptide melittin uptake [163]. Silicon 
nanoparticles on a gold film have been studied to enhance the EM field due to their high 
refractive index [164]. Besides the use of a single type of particles, a combination of Au 
nanoparticles and QDs have also been conjugated to antibodies to have a signal 
enhancement of 50 fold in a sandwich assay [165]. 
1.3.2.3 Nanostructure Arrays 
Plasmonic nanoparticles that are fabricated by colloidal synthesis are often used as labels 
since most of the enhancement takes place in the gap between the particles and the film. 
To finely control the separation among the nanoparticles/nanostructures, lithography 
methods such as electron beam lithography, interferometric lithography and colloidal 
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lithography are used to create nanostructures directly on a metal film [166 – 168]. In 
addition, the nanostructure arrays have the added benefit of direct excitation of the SPPs.  
Among all nanostructures, nanohole arrays have received the most attention in research. 
Nanohole arrays support localised SPR in a manner analogous to that of nanoparticles. 
The incident light on the sensor surface excites LSPs that penetrate the holes and scatter 
on the other side of the film resulting in an enhanced transmission [169]. The increased 
surface area for reaction also captures more analyte. Nanohole arrays have been shown to 
increase the sensitivity three to four times when compared with smooth Au film SPR 
biosensors [170 – 173]. 
Other nanostructure arrays that have been fabricated and tested for enhancing SPR 
biosensor performances include nanocross arrays [174], nanodome arrays [175], nanocave 
arrays [176], nanodonut arrays [177]. All these nanostructures regardless of their shape 
enrich LSPs and therefore enhances the local evanescent EM field. Xiao et al. reported a 
large-scale and high throughput fabrication method of repetitive nanostructures on metal 
thin films [178]. They were able to have various designs imprinted, such as nanogratings, 
a nanobullseye and nanodots. Aristov et al. took the nanostructure design even further and 
created a 3-dimensional woodpile structure [179]. The final metastructure looked like 
layers of interlaced nanowires. The metastructure showed a delocalised plasmon mode 
and a large area for biomolecule immobilisation resulting in an extremely high spectral 
sensitivity of over 2600 nm/Refractive Index Unit. 
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Figure 1.13 SEM images of (a) nanohole arrays [170], (b) nanocross arrays [174], (c) nanodome arrays 
[175], (d) nanocave arrays [176], (e) nanodonut arrays [177], (f) 3-D woodpile structure [179], and (g) 
nanobullseye [178]. 
1.3.3 Instrumental Design 
The instrumentation design of an SPR biosensor system has always been heading towards 
miniaturisation. Thanks to the advancement in microelectronic and microfluidics, many of 
the integrated systems are small and self-contained enough to show good promises for 
point-of-care applications. In the literature, many of the SPR systems which the 
manufacturer claims to be portable are integrated boxes that resemble a bench top 
instrument, for instance the β-SPR sensor system from SENSIA Spain [58]. We only 
consider development towards the miniaturisation of SPR systems in this review. 
1.3.3.1 Integrated Optical System 
A widely used example of a portable SPR biosensor with an integrated optical system is 
the Spreeta 2000 platform [180]. The SPR integrated the light source, the prism, and the 
photodetector array in a closure comparable to the size of a coin. Pakorn Preechaburana 
used a PDMS based structure placed on the screen of a phone to complete a light path that 
uses the screen generated red light as a light source and the front-facing camera as the 
detector [181]. Briliant Adhi Prabowo simplified the conditioning of the light source by 
using OLED as a light source together with a brightness enhancement film and a 
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birefringent optical film [182]. But the entire system is far from being as portable as they 
claimed to be. Yong-beom Shin developed a portable SPR biosensor that integrated the 
optical path using a rotating mirror [183]. They commercialised their device and it was 
claimed to be the smallest SPR product. 
 
Figure 1.14 Surface plasmon resonance sensors with integrated optical paths. (a) Schematic design and 
(b) photo of the Spreeta 2000 [180]. (c) Schematic design and (d) photo of the on-cell-phone SPR sensor 
[181]. (e) Schematic design of the SPR sensor with integrated OLED light source [182]. (f) Schematic 
design of the SPR sensor with rotating mirror [183]. 
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1.3.3.2 Integrated Micro-fluidics 
Early development of portable SPR biosensors focused on miniaturising the fluidic 
system. Naimushin et al. reported a portable SPR system with a temperature control unit 
[184]. The flow cell was relatively small, but the Peltier and the pump added considerable 
bulk to the system. Sook Jin Kim et al reported a portable SPR system with an integrated 
8-channel flow cell with Au film array on prism [61]. The sensor assembly has a 
dimension of 4.5 cm x 2.4 cm x 0.8 cm, but the SPR system without the computer for data 
analysis is still big enough to qualify only as an integrated benchtop apparatus. Similarly, 
a four micro-fluidic channel flow cell has been reported by Xiao-ling Zhang et al, but the 
rest of the system hardly qualifies as integrated or portable [185]. 
 
Figure 1.15 Microfluidic devices in SPR sensor systems. (a) SPR system photo in [184], (b) Schematic 
design and (c) photo of the SPR sensor in [61]. (c) Microfluidic channels in [185]. 
1.3.3.3 Integrated Data Analysis 
Many of the portable systems reviewed above use a computer to analyse the sensor data. 
Although the SPR instrument may be portable enough to be employed in the field, a 
portable computer must be present as well for on-site data analysis. The rise of smart 
phones offers an opportunity for fast on-site data analysis. Hasan Guner reported a 
 31 
 
smartphone based SPR biosensor that integrated a green LED light source, the collimation 
optical components and the sensor chip into a box that could be attached to the back of a 
smart phone. The back-facing camera on the phone captured images for the smart phone 
to record and analyse [186]. 
Among all the SPR systems that we have reviewed, Yun Liu et al. reported a system with 
the highest degree of integration [187]. They have constructed a two-channel SPR 
biosensor on a smart phone case which uses the flash light on the phone as the light 
source, the camera as to capture the signal and the processor of the phone to analyse the 
data. The majority of the parts that are necessary in an SPR biosensor system have been 
integrated and miniaturised except the pump. 
 
Figure 1.16 SPR sensor systems based on mobile phones for data analysis. (a), (b) and (c) Images of the 
system with external light source [186]. (d), (e), (f) and (g) Images of the fully integrated SPR system 
[187]. 
1.3.4 Combining SPR with Other Analytical Modalities 
Besides the employment of SPR in a biosensor directly, SPR has been incorporated in 
other analytical modalities in recent years. The marriage between SPR and another 
analytical technique often falls into two research emphases: (1) utilising the physical 
phenomenon of SPR in another research modality to achieve a higher sensitivity and/or 
resolution; and (2) concatenating an SPR biosensor together with one or more biosensors 
using another modality to achieve extra functionalities. 
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SPR as a physical phenomenon has been most often combined with other spectroscopy 
techniques. One of the most popular examples is surface enhanced Raman spectroscopy 
(SERS). The technique pushes a phenomenal spectroscopic signal enhancement in the 
order of 106 for the detection of single molecules [188 – 190]. Similar to the SERS 
technique, surface-plasmon field enhance fluorescence spectroscopy enhances the 
sensitivity by several orders of magnitude thanks to the SPPs exciting the chromophore at 
a specific distance [150, 191, 192].  
Concatenating a SPR biosensor with one or more different analytical instruments speeds 
up and complements the analysis procedure. SPR-mass spectrometry (MS) characterises 
the activity of a target molecule, which is then recovered for a subsequent MS analysis 
[193]. Scanning tunnelling microscopy (STM) and atomic force microscopy (AFM) have 
also been combined with a SPR biosensor to correlate the attachment and positioning of 
biomolecules [194, 195]. Other biosensing modalities that have been coupled with a SPR 
biosensors are electrochemical measurement [195 – 197], surface acoustic wave 
spectroscopy [198 – 201], and quartz micro balances [202]. 
Sample preparation and separation systems have also been integrated with SPR biosensors 
but the reports in the literature are limited. Micro-free flow electrophoresis (µ-FFE) has 
been added to an SPR biosensor on a single chip to streamline separation and detection 
[203]. Liquid chromatography has been coupled externally in both pre-column and post-
column configurations to SPR for separation and detection [204, 205] and an immobilised 
enzyme reactor has been coupled to add a functionality of online protein digestion [206]. 
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1.4 Silica Particles and SPR Biosensor Integration 
In Section 1.3.1.7 the use of overlayers of silica on Au SPR devices was discussed. Due to 
the ease of synthesis and elaborate knowledge of silane chemistry, silica particles, as well 
as composite silica particles, have been proven to be an excellent substrate suitable for 
many surface immobilisation mechanisms. They are widely used in material science, 
electrochemical and biomedical research. They play a promising roll in drug delivery [207 
– 210] and biolabeling [211 – 213] for miniaturisation of conventional bench-top assay 
systems when combined with microfluidics. Despite the reduced sensitivity reported in 
Section 1.3.1.7, the versatility of this material warrants further consideration. 
Silica microspheres have been used by Xuan Dou et al. as a patterning template in the 
fabrication of nanodonut arrays on an Au surface [177]. The microspheres were first 
dispersed in ethoxylated trimethylolpropane triacrylate (ETPTA) and spin-coated on a 
silicon wafer. The ETPTA monomers were cured by ultraviolet (UV) light and the silica 
microspheres were fixed in place in the ETPTA. The matrix was then partially removed 
by an oxygen reactive ion etching (RIE) exposing the top half of the silica microspheres. 
The spheres were subsequently dissolved in hydrofluoric acid. The nanodonuts were 
created by sputtering gold on the ETPTA polymer template. 
Enso et al used silica nanoparticles as a scaffold for forming a 3-dimensional gold film 
that was SPR active and used it as a biosensor to detect an antibody/antigen reaction [214] 
and nucleic acid and DNA hybridization [215]. They first had a layer of gold film 
evaporated on a glass slide. Silica particles were then immobilised on the gold film by 
carbodiimide coupling between 3-Aminopropyltriethoxysilane (γAPTES) on the silica 
surface and 4,4’-Dithiodibutyric acid (DDA) on the gold surface. The particle modified 
surface was coated with another layer of gold film and ready for use. Essentially, they 
batch produced a layer of pseudo core-shell particles on a glass slide and used the 
localised SPR effect for sensing. 
To our best knowledge, these demonstrations of the use of silica in SPR devices has not 
yet been extended to the use of silica particles as carriers for the immobilisation of 
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biorecognition element in an SPR biosensor. Such a format could lead to the 
concatenation of SPR with chromatography. 
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1.5 Aims and Objectives 
In this thesis, the integration of silica particles (as an immobilisation matrix) and an SPR 
biosensor is explored. IgG/anti-IgG interaction is used as a model immunoassay where the 
IgG acts as the receptor and the anti-IgG acts as the analyte to characterise the 
performance of the particle-modified sensor. 
The thesis has the following objectives: 
1. To investigate the direct immobilisation of sub-micron silica particles on a gold 
film SPR platform to examine: 
a. The particle immobilisation efficiency, 
b. Receptor IgG loading capacity, and 
c. IgG – anti-IgG binding kinetics. 
and thereby consider the impact of a particle system in the evanescent field on the 
SPR measured reaction between a particle immobilised biorecognition reagent and 
its analyte. 
2. To investigate the use of a micro silica particle column in contact with a gold film 
SPR platform (Figure 1.17) to examine: 
a. Its capability as a biorecognition ligand carrier in comparison with (1), 
b. The IgG – anti-IgG binding kinetics as measured in the evanescent field by 
the column and SPR biosensor integration. 
3. To explore the potential sensing capability and limitations of the particle-modified 
column SPR biosensor in an integrated SPR-chromatography platform. 
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Figure 1.17 Schematic diagram of the particle-modified column SPR biosensor. 
 Chapter 2 Materials and Methods 
2.1 Introduction 
This chapter describes the materials and methods used in this project. It consists of six 
parts: sub-micron silica particle synthesis and characterisation, protein loading on 
particles, spectral SPR biosensor simulation and instrumentation, SPR imaging simulation 
and instrumentation, review of adsorption kinetic models and MATLAB data processing 
tools. 
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2.2 Sub-Micron Silica Particle Synthesis and 
Characterisation 
2.2.1 Materials 
Tetraethyl orthosilicate (TEOS) (98%), (3-Aminopropyl)triethoxysilane (-APTES) (> 
98%), gold nanoparticles (20 nm), 4,4’-dithiodibutyric acid (DDA) (95%), N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS) (98%), N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC) ( 98%), isopropanol ( 99.7%) and ammonia 
solution (2.0 M in isopropanol) were purchased from Sigma-Aldrich. Unless otherwise 
stated, water refers to ultra-high purity (UHP) water. 
2.2.2 Particles Synthesis 
Synthesis of silica nanoparticles is done by the well-established Stöber process [216] which 
is essentially the reaction between TEOS and water in low molecular weight alcohols 
catalysed by ammonia. In the Stöber process, two main types of reactions are involved 
First, silanol groups are formed by hydrolysis: 
 𝑆𝑖 − (𝑂𝑅)4 + 𝐻2𝑂 ⇋ 𝑆𝑖 − (𝑂𝐻)4 + 4 𝑅 − 𝑂𝐻 (2.1) 
Second, siloxane bridges are formed by a condensation polymerization reaction: 
 𝑆𝑖 − (𝑂𝐻)4 → 2 (𝑆𝑖 − 𝑂 − 𝑆𝑖) + 4 𝐻2𝑂 (2.2) 
The condensation rate, which depends on reaction conditions can be tuned to produce 
particles of sizes ranging from 50 nm to 2 μm [217]. The size of the particles produced by 
the Stöber synthesis can be controlled by the reaction conditions, including the choice of 
solvent, the relative concentrations of all the reactants, solvents and catalysts, and finally 
the duration of reaction. The kinetics have been well modelled and investigated elsewhere 
[218 – 220]. 
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The sub-micron silica particles are synthesised with a protocol adapted from that used in 
the BiognostiX project [221]. Water and isopropanol (16.7% v/v) are mixed under 
constant stirring at 300 RPM in a 500ml conical flask. TEOS (0.5% v/v) is then added to 
the mixture. After sufficient mixing, ammonia (2% v/v) is added dropwise. After allowing 
all the reagents to react for 30min, further TEOS (1% v/v) is added drop by drop into the 
solution. After another 30min, the product is washed in isopropanol under 3 cycles of 
centrifugation (4300 RPM for 30 mins) and resuspension. Finally, the silica particles are 
desiccated overnight and ready to be used. 
2.2.3 Particle Size Characterisation 
2.2.3.1 Scanning Electron Microscopy 
All the images in this thesis are obtained using the LEO GEMINI 1530VP FEG-SEM 
system housed at Nanoscience Centre, Cambridge. The system features a resolution of 
1nm and acceleration voltage from 0.1 to 30kv. 
The silica particles were first suspended in water (5 mg/ml) and drop-coated on a gold 
film. The particles were then air dried before use. All the gold films with nanoparticles 
immobilised on them were cut into suitable sizes and imaged using SEM. The seeming 
pattern in the dark background is caused by nanoscale roughness of the gold film. This 
phenomenon has been studied elsewhere [222] and it is not within the scope of this 
project. 
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Figure 2.1 Particle characterisation using SEM. (A) A SEM image with high magnification showing the 
shape and size of the dry particle, (B) An image with lower magnification to show the distribution of the 
particles on a gold film. 
The size of the nanoparticles as well as the percentage of the coverage is determined using 
image processing software, ImageJ. The particle diameter distribution is plotted in Figure 
2.2. It shows that the sizes of the particles follow a log-normal distribution with a mean 
dry diameter of 245±49.0 nm. 
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Figure 2.2 Particle size distribution and fitted to a log-normal distribution curve. The particles are 
sampled from several images taken at various locations and with various zoom. 
2.2.3.2 Dynamic Light Scattering 
 
The hydrodynamic size of the particles is characterised by BI-MAS Multi Angle Particle 
Sizing Option housed in BP Institute [223].  
Before each measurement, the particle suspension is vortexed to ensure the particles are 
evenly suspended in water. The sizing result is shown in Figure 2.3. The DLS sizing 
option assumes the particle sizes follow a lognormal distribution. The mean 
hydrodynamic diameter measured is 500 nm. We can see that it differs from the dry size 
significantly. In the literature, this has been reported as due to the porous structure of the 
silica particles [224, 225]. As the particles absorb water, the surface of the particle 
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becomes a cloud-like material, therefore, increasing the apparent size calculated by 
Stokes-Einstein equation.  
 
Figure 2.3 Sub-micron particle size distribution obtained from DLS sizing option. The average size is 
500nm. 
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2.3 Protein Immobilisation on Particles and Gold Films 
2.3.1 Materials 
Silica gel 60 (particle size finer than 0.063mm) from Fluka, IgG from rabbit serum 
(≥95%) from Sigma-Aldrich, anti-rabbit IgG (whole molecule) antibody produced in goat 
from Sigma-Aldrich, anti-mouse IgG (whole molecule) antibody produced in goat from 
Sigma-Aldrich, StabilCoat® Immunoassay Stabiliser from Sigma-Aldrich, Sodium 
phosphate monobasic dehydrate (≥99.0%) from Sigma-Aldrich, Phosphate buffered saline 
(PBS) from Sigma-Aldrich, MES monohydrate (≥99.0%) from Sigma-Aldrich, 4,40-
dithiodibutyric acid (DDA) (95%) from Sigma-Aldrich,  Carboxyethylsilane triol (CEST) 
from Fluorochem, N-Hydrocysulfosuccinimide sodium salt (sulfo-NHS) (≥98%) from 
Sigma-Aldrich, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) 
from Sigma-Aldrich, Ultrahigh purity (UHP) water. 
2.3.2 Immobilisation of IgG on Silica Particles 
2.3.2.1 Adsorption 
Synthesized silica particles were dispersed in PBS buffer to make 5 mg/ml suspension. A 
small volume of rabbit IgG (5 mg/ml in PBS) was added to each of the particle 
suspension at 4 C to make 1 ml of rabbit IgG and particle mix at desired final 
concentrations ranging from 100 µg/ml to 1 mg/ml. The suspensions were then fixed on a 
rotational mixer under gentle speed and incubated for 1 hour at 4 C. Finally, the 
suspensions were washed three times with PBS buffer and stored at 4 C. 
2.3.2.2 Covalent Attachment 
For covalent attachment, the abundant free amine groups on the surface of IgG were 
targeted. IgG and anti IgG can be immobilised on a surface by strong carbodiimide links 
when the amine groups on the antibody condenses with the carboxylic acid groups on the 
other surface and form carbodiimide links [226]. Carboxyethylsilanetriol (CEST) was 
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used to functionalise the silica surface with carboxylic acid groups. An illustration of the 
covalent attachment is shown in Fig. 2.6. 
 
Figure 2.4 Illustration of the steps for immobilisation of antibodies on the surface of silica particles. The 
diagram is not drawn to scale. 
Silica particles were dispersed in 1 ml of phosphate buffer solution (pH = 6.2) to make 
suspensions of a desired concentration. For synthesized sub-micron silica particles, the 
final concentration was 5 mg/ml and for the purchased silica gel particles, it was 50 
mg/ml. 100 µl of CEST was added to 1 ml of the particle suspension and gently mixed on 
a rotational mixer overnight at 4 ºC. The next day, the suspension was washed with 
phosphate buffer solution three times using centrifugation (4300 RPM for 30min) and 
resuspension with sonication cycles. 10 µl of freshly prepared sulfo-NHS solution (230 
mM, 50 mg/ml) was added into the suspension and mixed by a vortex mixer. Then 10 µl 
of freshly prepared EDC solution (260 mM, 50 mg/ml) was added into the suspension and 
mixed using a rotational mixer for 20 min at 4 ºC to activate the carboxyl groups on the 
surface of the particles. The activated particles were then washed with MES buffer 
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solution (pH = 5.0) three times using centrifugation (4300 RPM for 30min) and 
resuspension with sonication cycles. Concentrated IgG solution was added to the 
suspension to achieve a desired IgG concentration in the suspension and mixed on a 
rotational mixer for 2 hrs at 4 ºC. The IgG immobilised particles were washed three times 
with MES buffer solution (pH = 5.0) using centrifugation (4300 RPM for 30min) and 
resuspension with sonication cycles. The particles were then dispersed in 1 ml StabilCoat 
blocking mix (25%) and mixed on a rotational mixer for 2 hrs at 4 ºC to prevent unwanted 
unspecific binding. The blocked particles were washed three times with PBS buffer 
solution (pH = 7.4) using centrifugation (4300 RPM for 30min) and resuspension with 
sonication cycles. Finally, the particle suspension was stored at 4 ºC. 
2.3.3 Immobilisation of IgG on Gold Films 
To immobilise IgG proteins, the gold film was first treated with a 0.5% (w/w) 4,40-
dithiodibutyric acid (DDA) ethanol solution for 48 hours at room temperature. The 
modified gold film was then washed 5 times using ultra-pure water. 100 µl of freshly 
prepared sulfo-NHS solution (50 mg/ml in UHP water) was dropped onto the gold film. 
Then 100 µl of freshly prepared EDC solution (50 mg/ml in UHP water) was added. The 
gold film was allowed to rest for 20 min at 4 ºC to activate the carboxyl groups on the 
surface of the film. The film was then washed with MES buffer solution (pH = 5.0) for 5 
times. Concentrated IgG solution was dropped onto the activated film and rested for 2 hrs 
at 4 ºC. The film was washed 5 times with PBS buffer solution (pH = 7.4). Finally, the 
gold film was stored at 4 ºC. 
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2.4 Spectral SPR Refractive Index Sensing 
2.4.1 Materials 
Benzyl alcohol was purchased from Sigma-Aldrich. Gold powder (99.9994% purity) was 
purchased from Alfa Aesar. Chromium plated tungsten rods from Megatech. Glass 
microscope slides from VWR. Unless otherwise stated, water was MilliQ pure water. 
2.4.2 Instrumentation 
Tungsten halogen white light source from Ocean Optics, USA. Computed controlled 
rotation stage for optical components from Standa Ltd, Italy. USB4000 miniature fibre 
optical spectrometer from Ocean Optics, USA. Peristaltic pump (Model number 7521-35) 
from Cole-Parmer Instrument Co., USA. MATLAB software from MathWorks, USA. 
2.4.3 Optical Set-up 
A custom-made spectral SPR setup was used to perform all the measurements. The 
schematic illustration of the set-up is shown in Figure 2.5. The tungsten halogen white 
light source was implemented to generate a broad-band illumination. An optical fibre was 
used to collimate the light from the source into a beam (1 mm in diameter) and deliver it 
to other optical components. The collimated light passes through a polarizer and an iris 
then incident on the prism and then coupled to the gold film surface through benzyl 
alcohol and the glass substrate in the Kretschmann configuration. The prism and gold chip 
are held with a custom-made scaffold with a flow cell (1 cm in diameter, 1 mm in height) 
attached to the sensing side of the gold film. During the measurement, water is flowed 
continuously into and out of the flow cell by a peristaltic pump. The prism and flow cell 
assembly are fixed on the rotation stage with angle adjustment. The reflected light beam 
was collected by the spectrometer through an optical fibre. The spectral data is processed 
in real time by a custom-written control software on a computer. The reflection spectra 
are captured by a spectrometer 4 times every second and subsequently analysed by a 
computer to obtain the peak wavelength. The peak absorption wavelength in the reflected 
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spectrum was determined by a Lev-Mar non-linear curve fitting algorithm. All peak 
wavelengths together with their timestamps are recorded by the computer and stored in a 
text file ready for subsequent processing. MATLAB is used to process the raw data and 
plot it into a sensorgram. To reduce the noise of the raw signal, a moving average 
algorithm that uses a span of 1% of the total number of data points is employed. 
 
Figure 2.5 Schematic illustration of the custom-built SPR measurement system with a fluidic system. The 
diagram is not drawn to scale. 
2.4.4 Spectral SPR Simulation and Optimisation 
A one-dimensional three-phase stratified medium model consists of glass, gold and water 
is employed in the simulation. Figure 2.6 shows an illustration of the 3-layer model used 
for simulation, which is carried out using MATLAB.  
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Figure 2.6 Schematic depiction of three-phase stratified medium model and incidence and reflection of a 
white light beam. 
The wavelength-dependent refractive index of gold, glass and water used in the 
simulation is from the experiments of Rakić [227]. The thickness of the glass and water 
medium that sandwiches the gold film is assumed to be infinite. The partial transmission 
and reflection of a wave incident on any of the interfaces are calculated using the Fresnel 
equation. The reflectance for s-polarised light is 
 
𝑅𝑠 = |
𝑛1 cos 𝜃𝑖 − 𝑛2 cos 𝜃𝑡
𝑛1 cos 𝜃𝑖 + 𝑛2 cos 𝜃𝑡
|
2
 (2.3) 
where 𝑛 refers to the refractive index and 𝜃 refers to the angle of incidence/reflection. The 
resultant reflectance is a fraction of power with respect to the incident light which has 
values between 0 and 1. The full 3-layer MATLAB script can be found in A.1. 
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The occurrence of the attenuated reflection depends on several parameters such as the 
incident angle, wavelength of the incident light, thickness of the stratified medium and the 
refractive index of each medium. For each of the SPR surfaces fabricated and used in 
sensing experiment in this project, the thickness of the gold film is fixed and determined 
by the deposition process. The refractive index of glass, gold and water are intrinsic 
properties of the material. The only two variables that affect the SPR response are the 
angle of incidence and the wavelength of the incident light. Here, a simulation on gold 
film of 55 nm is presented. 
Figure 2.7 shows a simulated heat map detailing the reflectance with respect to the 
incident angle and the wavelength of incident light. Colder colours indicate attenuation in 
the reflectance which is caused by SPR. For a fixed thickness of gold film, 55nm in this 
case, discernible SPR occurs at angle and wavelength combination of 66% to 85% and 
570 nm to 850 nm. The most significant SPR which is indicated by near black colour in 
the heat map occurs at angle and wavelength combination of 70% to 77% and 620 nm to 
710 nm. For the surface polaritons to be sensitive to change of refractive index in the 
dielectric medium, two modulations are possible namely fixed wavelength of the incident 
light with variable incident angle and fixed incident angle with variable wavelength of the 
incident light. 
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Figure 2.7 Simulated heat map showing reflectance with respect to incident angle and wavelength of the 
incident white light. 
The wavelength modulation is chosen for all the spectral SPR experiments performed in 
this project, for its simplicity as mentioned in Section 1.2.2. Fast readout also allows for 
easier post processing in the kinetics study. In practice, the incident angle for all 
measurements was fixed at 72.99°. Standard white light that covers the visible light 
spectrum (400 nm to 700 nm) was utilised as the light source. 
The thickness of the gold film layer was optimised by simulating the spectral SPR 
response at various gold film thickness and plotting it in the same graph for comparison. 
Figure 2.8A shows the reflectance spectra for a range of layer thicknesses of gold film. At 
different thickness, the SPR phenomenon is of different significance. At the thickness of 
approx. 45nm to 55nm, the reflectance attenuation has the lowest minimum. Therefore, 
the thickness of the gold film in all the experiments that follow is controlled within this 
range. 
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It is noteworthy to mention that the position of the peak attenuation is at different 
wavelengths although the dielectric medium is unchanged (Figure 2.8A). This is used to 
calibrate the thickness of the gold layer deposited in practice. To do that, the experimental 
reflectance spectrum is first obtained, a theoretical position of the attenuation peak is then 
aligned to the experimental data by altering the thickness parameter in the simulation. 
Figure 2.8B shows the theoretical reflectance spectrum for a 55 nm thick gold film fitted 
to the experimental data. The peak wavelength here is at 645 nm. There are several other 
observations when comparing the theoretical and experimental curve.  
Firstly, the reflectance spectrum is noisy at lower (< 550 nm) and higher (> 750 nm) 
wavelengths. This can be attributed to the imperfection of the white light source. Ideally, 
the power spectrum of the light source is a flat line across all visible wavelengths. 
However, in practice, attenuated power is observed at lower and higher wavelengths. 
Thus, when calculating the reflectance by normalising the collected power spectrum by 
the source power spectrum, noise due to the smaller denominator becomes more 
significant.  
Secondly, the peak attenuation does not go down to a value as low as the theoretical 
expectation and the FWHM is wider than expected. This can probably be attributed to the 
surface roughness of the deposited gold layer as observed in Figure 2.1A. Since the 
surface is not perfectly smooth on the nanoscale, the resonance of the polaritons is 
affected slightly by scattering.  
Thirdly, cracks of the gold surface also caused a small second dip at approx. 490 nm due 
to the resonant adsorption of gold films [228]. The dip position is independent of the 
crack sizes and dielectric indices of the surrounding media. The simulation was based on 
a smooth film; therefore, the second dip was not present in the simulated spectrum. 
Nonetheless, these imperfections are acceptable in the measurements within the scope of 
this project where only the position of the large dip is of concern. The noise level is 
relatively low at resonance wavelength and the significance of the peak attenuation is 
good enough to be distinguished from the rest of the curve. 
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Figure 2.8 (A) Simulated ATR at various gold film thickness. (B) the comparison between theoretical 
and experimental reflection spectrum for 55 nm gold film. The experimental data is normalised with 
respect to halogen white light.  
2.4.5 Gold Film Deposition 
Gold films were fabricated using thermal evaporation, one of the most common physical 
vapour deposition methods. The system used in this thesis is an Edwards Auto 306 
filament thermal evaporator. The gold film was prepared by thermally evaporating molten 
gold onto glass slides inside a high vacuum chamber. Three 25 mm by 75 mm glass slides 
were held inverted in the substrate holder. Before the evaporation of gold, 0.5 nm of 
chromium was first deposited on the glass to ensure film adhesion. Gold was evaporated 
subsequently into a vapour stream that traversed the chamber and hit the glass substrate, 
sticking to it as a film. During the deposition process, a film thickness monitor (FTM) 
measured the thickness of the film by calculating the mass of the material deposited on 
the sensor of a fixed surface area. One important thing to note is that the FTM is not 
necessarily on the same uniformity plane of the substrate (Figure 2.9). Therefore, the 
actual deposited thickness does not necessarily equal the thickness displayed, but is 
proportional to it. Various portions of the glass slides are not in the same uniformity plane 
as well, thus the thickness of the gold is slightly different at different positions on the 
glass substrate. This results in a different baseline in the ATR experiments. 
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Figure 2.9 Schematic diagram of a thermal evaporator process. The diagram is not drawn to scale. Image 
reproduced from [229].  
Glass microscope slides were cleaned with surfactant, water and ethanol in sequence in an 
ultrasound bath for 30 minutes each and dried in room temperature. They were kept in the 
oven at 120 C overnight before use. 55 nm thick gold films were deposited onto glass 
substrates at a pressure of 2 × 10−6 mbar. To help gold adhere onto the glass substrate, 
0.5 nm film of chromium was deposited before evaporation of gold. All gold films were 
rinsed with ethanol and dried with nitrogen gas at room temperature before use. 
  
54  
 
2.5 Column-modified SPR Sensor  
2.5.1 Materials 
Silica gel 60 (particle size finer than 0.063mm) from Fluka, IgG from rabbit serum 
(≥95%) from Sigma-Aldrich, Anti-Rabbit IgG (whole molecule) antibody produced in 
goat from Sigma-Aldrich, Anti-Mouse IgG (whole molecule) antibody produced in goat 
from Sigma-Aldrich, StabilCoat® Immunoassay Stabiliser from Sigma-Aldrich, Sodium 
phosphate monobasic dehydrate (≥99.0%) from Sigma-Aldrich, Phosphate buffered saline 
(PBS) from Sigma-Aldrich, MES monohydrate (≥99.0%) from Sigma-Aldrich, 
Carboxyethylsilane triol (CEST) from Fluorochem, N-Hydrocysulfosuccinimide sodium 
salt (sulfo-NHS) (≥98%) from Sigma-Aldrich, N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) from Sigma-Aldrich, polydimethylsiloxane 
(PDMS) from Sigma-Aldrich, Ultrahigh purity (UHP) water. 
2.5.2 PDMS Channel Fabrication 
The channel was constructed from polydimethylsiloxane (PDMS) for its flexibility and 
ease of manufacture. The PDMS monomer was mixed thoroughly by stirring with the 
curing agent with a ratio of 10 to 1 by weight. The mixture was then poured into a small 
petri dish that contains the aluminium mould such that the mould was only just 
submerged in the mixture. The petri dish was then placed in a vacuum chamber to degas. 
In this process, all air bubbles that were introduced during the stirring escaped the 
mixture. The end of the process could be visually confirmed when the PDMS became 
clear with no bubbles in the mixture. Any foam on the surface was destroyed 
automatically when the vacuum is removed. The petri dish was then removed from the 
chamber and placed in an oven for at least 3 hours at 80 ºC. After that, the PDMS became 
a solid and it was taken out of the petri dish carefully. Any excess was trimmed off and a 
channel as shown in Figure 2.10 was obtained. 
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2.5.3 Assembly and Adjustment 
A gold film on glass (25 mm x 25 mm) chip was rested on the PDMS channel scaffold 
with the gold side touching the PDMS. A droplet of 5 µl of benzyl alcohol was introduced 
on the centre of the bare side of the chip. Then the prism was pressed on the bare side of 
the chip so that the droplet of benzyl alcohol spread to fill the entire gap between the 
prism and the bare side of the chip. Figure 2.10 shows a picture of the completed 
assembly. The sensor and channel assembly were then fixed on the rotation stage. Water 
was pumped into the channel for calibration so that the resonance peak is at approx. 650 
nm by adjusting the rotation stage and therefore the incident angle. 
 
Figure 2.10 (a) Photos showing each component in the sensor assembly and the finished assembly. (b) 
Schematic side view of the SPR biosensor assembly. 
2.5.4 Silica Gel Particle Packing 
The slurry technique was used to achieve a packed particle bed in the channel. Before the 
assembly of the gold film and the PDMS channel, a filter with a pore size of 11 µm was 
fixed at the outlet of the channel to trap the silica gel particles of a mean size of 15 µm. 
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The suspension of silica gel particles immobilised with IgG beforehand (50 mg/ml) was 
vortexed to allow the particles to disperse before use. After assembly of the channel and 
sensor, 200 µl slurry was injected using a syringe into the channel under high pressure 
and high flow rate. 2 ml of PBS buffer solution was used to wash the channel under 
working flow rate and pressure to stabilise the particles and to wash away any free ligands 
in the particle bed. At the end of the buffer wash, the sensor was ready for affinity tests. 
2.5.5 Immunoaffinity Column Test 
Immunoaffinity column tests in this thesis were done under pressurised flow at constant 
flow rate using the peristaltic pump All solutions flow into the system without any air gap 
in between. Before the start, the packed particles in the channel were under constant flow 
of PBS buffer solution for stabilization. At the start of the experiment, 1ml of 
StabilCoat® (25% in PBS buffer solution) was flowed into the column. 3 ml of PBS 
buffer solution was then used to wash the column to get rid of any unbound molecules. 
500 µl of sample with concentrations ranging from 50 µg/ml to 300 µg/ml was then 
flowed in the column before the column was washed with PBS buffer solution again. 
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2.6 One-dimensional SPR Imaging 
2.6.1 Materials 
Benzyl alcohol was purchased from Sigma-Aldrich. Gold powder (99.9994% purity) was 
purchased from Alfa Aesar. Water refers to MilliQ purity water. 
2.6.2 Instrumentation 
N-BK7 Bi-Convex Lens, Ø1", f = 150.0 mm, uncoated from THORLABS. 650 nm He-Ne 
laser pointer from Deli. USB 2.0 CMOS camera, 1280 x 1024, monochrome sensor from 
THORLABS. Laser Line Generating Lens, 30° Fan Angle, N-BK7 from THORLABS. 
2.6.3 Optical Set-up 
The custom-made laser line SPR imaging system illustrated in Figure 2.11 comprises four 
sections namely the optics, the fluidics assembly, the detector and the data analysis end. 
The optics include a low-cost laser pointer that emits a red beam at approx. 650 nm, a 
neutral density filter that decreased the intensity of the laser, a polariser, a laser line 
generator that scatters the beam horizontally to form a line of a span of 30, a lens that 
collimates the spreading line beam to a parallel line beam and finally an iris that limits the 
line to a length suitable to the dimensions of the sensor assembly. The fluidics assembly is 
essentially the same as the one used in the spectral SPR sensor system. It has a prism, a 
channel made of PDMS, a gold film on glass and a plastic holder that secures all the 
components. The detector is a CMOS camera to capture the reflected line from the sensor 
assembly. It can capture single images and record a video continuously. The data analysis 
is done with a computer to analyse the intensity profile across the reflected line and to 
generate time plots. 
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Figure 2.11 Schematic diagram of the one-dimensional SPR imaging platform. The diagram is not drawn 
to scale. 
2.6.4 Laser Line Characterisation 
The laser line generating lens ideally spreads the laser beam into a line of uniform 
intensity. However, the line has an intensity profile shown in Fig. 2.16. We can determine 
the intensity profile of the final line we get past the iris by calculating the perspective 𝜃𝑖𝑟𝑖𝑠 
of the line knowing length of the iris opening 𝐷𝑖𝑟𝑖𝑠, the focal length of the convex lens 
and its distance from the laser generating lens 𝑓𝐶𝐿. 
 
𝜃𝑖𝑟𝑖𝑠 = 2tan
−1 (
𝐷𝑖𝑟𝑖𝑠
2𝑓𝐶𝐿
) (2.4) 
The perspective is therefore calculated to be 1.91°. At this perspective and assuming the 
iris is at the centre of the line, the lowest normalised intensity is 0.735 and the highest is 
0.765. The intensity variation is about 0.03 normalised intensity which is about 4% 
relative to the highest point on the line that passes the iris. The calculation has the 
assumption that the laser beam itself has uniform intensity ideally. However, the laser 
beam produced by the laser pointer has subjective speckles. Spatial filters can eliminate 
the speckles but add much more cost and complexity to the system. Besides the variation 
that can be attributed to the line generating lens, there are laser speckles on a microscopic 
level. That contributes to an intensity variation across the channel at a higher frequency 
shown in Fig. 2.17. This intensity fluctuation is fixed with position on the projection of 
the laser line. This means that the intensity at a position does not change much across 
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time. The intensity fluctuation across the line can be alleviated by taking the differential 
measurement along the temporal axis. Since the shift in the signal reflects the change of 
the refractive index, all the SPR imaging data shown in this thesis is processed as the 
difference from the baseline profile where the experiment starts. 
 
Figure 2.12 The intensity profile of a reflected laser line when the channel is filled with air (no attenuated 
reflected). (A) shows the image captured by the CMOS sensor. (B) shows the intensity plot of across the 
line. 
2.6.5 Intensity Profile 
Figure 2.13 shows the intensity profiles obtained as result of the one-dimensional SPR 
imaging system. The intensity profile is created by stacking all the intensity information 
along the laser line against time, resulting in a heat map. The differential intensity profile 
shows the change in intensity from the start. Due to possible fluctuations of the laser 
intensity from one experiment to another, the intensity data are normalised to the intensity 
without attenuation before cross comparison. 
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Figure 2.13 Intensity profiles showing the calibration using 5% glucose solution. (A) Raw intensity 
profile. (B) Differential intensity profile. 
2.6.6 Bulk Sensitivity 
The one-dimensional SPR imaging system was tested for its sensitivity towards refractive 
index change in the bulk using glucose solution of unknown concentration. The intensity 
change is found out to have a linear relationship with the concentration of the glucose. 
Using the refractive index for known concentrations of glucose solution as reported in 
[230], the sensor’s sensitivity towards bulk medium is calculated to be 13.07 A.U./RIU. 
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Figure 2.14 Bulk sensitivity towards various concentrations of glucose solution. 
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2.7 Adsorption Kinetic Models 
2.7.1 Langmuir Model 
The adsorption of IgG and anti IgG pairs near the surface of the particle-modified SPR 
sensor is extensively studied in this thesis. The Langmuir model is perhaps the most 
popular kinetic model for antigen and anti-body binding [231]. It is described by the 
following reversible model: 
𝑆 + 𝑀 ⇌ 𝑆𝑀 
The model has the following four assumptions: 
1. The surface of the adsorbent is uniform, that is, all the adsorption sites are 
equivalent. 
2. Adsorbed molecules do not interact. 
3. All adsorption occurs through the same mechanism. 
4. At the maximum adsorption, only a monolayer is formed: molecules of adsorbate 
do not deposit on other, already adsorbed, molecules of adsorbate, only on the free 
surface of the adsorbent. 
The rate equation is: 
 𝑑𝑄
𝑑𝑡
= 𝑘𝑎𝑐0(𝑄𝑚𝑎𝑥 − 𝑄) − 𝑘𝑑𝑄 (2.5) 
The closed form is: 
 
𝑄 = 𝑄𝑚𝑎𝑥 (
𝑘𝑎𝑐0
𝑘𝑎𝑐0+𝑘𝑑
) (1 − 𝑒−(𝑘𝑎𝑐0+𝑘𝑑)𝑡) (2.6) 
where 𝑄 is the quantity adsorbed on the adsorbent surface, 𝑄𝑚𝑎𝑥 is the maximum 
theoretical adsorbed quantity, 𝑘𝑎 is the association rate, 𝑘𝑑 is the dissociation rate and 𝑐0 
is the analyte concentration in bulk. This model assumes that after a brief transient, during 
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which the analyte is transported to the surface, no mass transport correction is needed, 
because the free analyte concentration remains uniform in space and constant in time, 
kept so by the continuous influx of new analyte. Thus, it is termed as the rapid mixing 
model [232]. 
2.7.2 Langmuir Model with Mass Transport 
In the Langmuir model, the concentration of the adsorbate is assumed to be constant. 
However, binding of antigen and antibody often happens at a surface where the capture 
ligand is immobilised. In such a scenario, the rate of the binding and dissociation may be 
limited by the binding reaction itself or by mass transport to the surface (Figure 2.15) 
[233]. Adding the rate equation for the mass transfer to the surface we have a modified 
Langmuir model, also known as the two-compartment model, as follows [232]: 
 𝑑𝑄
𝑑𝑡
= 𝑘𝑎𝑐𝑠(𝑄𝑚𝑎𝑥 − 𝑄) − 𝑘𝑑𝑄 (2.7) 
 𝑑𝑐𝑠
𝑑𝑡
= 𝑘𝑡𝑟(𝑐0 − 𝑐𝑠) −
𝑑𝑄
𝑑𝑡
 (2.8) 
where 𝑐𝑠 is the concentration of the analyte at the surface of the adsorbent, 𝑘𝑡𝑟 is the mass 
transfer rate from the bulk medium to the surface. The initial conditions are 𝑄(𝑡0) = 0, 
𝑐𝑠(𝑡0) = 0. 
The ordinary differential equation system does not have a closed form. It is solved and 
subsequently fitted to experimental data using MATLAB approximation algorithms. 
A quasi-steady-state approximation can be made if we set 
𝑑𝑐𝑠
𝑑𝑡
= 0. Eq. (2.8) then becomes 
 
𝑐𝑠 =
𝑘𝑑𝑄 + 𝑘𝑡𝑟𝑐0
𝑘𝑎(𝑄𝑚𝑎𝑥 − 𝑄) + 𝑘𝑡𝑟
 
(2.9) 
Substituting this expression for 𝑐𝑠 into eq. (2.7), we obtain 
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 𝑑𝑄
𝑑𝑡
=
𝑘𝑎𝑐0(𝑄𝑚𝑎𝑥 − 𝑄) − 𝑘𝑑𝑄
1 +
𝑘𝑎(𝑄𝑚𝑎𝑥 − 𝑄)
𝑘𝑡𝑟
 
(2.10) 
Eq. (2.10) has been widely used in the literature as a mass-transport-adjusted Langmuir 
adsorption model because it has the same form as the simple Langmuir and the true rate 
constants can be found by an easy transformation of the apparent ones. However, the 
justification of the quasi-steady-state approximation requires the assumption that when 
binding or dissociation is initiated, 𝑐𝑠 changes rapidly over a short period of time and 
slowly thereafter. 
 
Figure 2.15 Illustration of a Langmuir adsorption model with mass transport considerations. 
 Chapter 3 Particle-modified Spectral SPR 
Biosensor 
3.1 Introduction 
The aim of this chapter is to investigate methods to modify the surface of a conventional 
SPR sensor with silica particles and further to investigate its functionality in SPR 
measurements. The common method for ligand immobilisation on conventional SPR 
biosensors centres around either covalent attachment or matrix entrapment as reviewed in 
Section 1.3.1. The SAM immobilisation method involves multiple steps of surface 
functionalisation to introduce the bio-recognition ligands that provide the surface 
selectivity. Matrix entrapment, although not requiring the user to functionalise the surface 
(except with the initial hydrogel), still requires the step of ligand immobilisation by 
flowing and washing of a ligand-containing solution and any required coupling chemicals. 
To explore an alternative approach to the preparation of the sensor, two strategies of 
attaching ligands on silica particles first and then immobilising the particles on the sensor 
surface are proposed namely thiol silane coupling and physical adsorption aided by 
mechanical pressure. The potential advantages of this approach are: 
 ‘off-chip’ bio-functionalisation. 
 Compatibility with a chromatography format, which could lead to further 
development of SPR. 
However, the potential loss in sensitivity is a counter issue that must also be investigated. 
The surface coverage of the particles on the gold surface after particle modification was 
characterised. To establish the effect of the particles on sensing, the gold surface with 
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overlaying particles was assessed for its sensitivity towards refractive index changes in a 
bulk medium. Additionally, the modified surface was studied for its potential capability of 
sensing an antigen and antibody binding interaction. Finally, the binding kinetics was 
studied under both stop flow and continuous flow configurations. 
3.1.1 Particle Immobilisation Strategies 
3.1.1.1 Chemical Coupling by Thiol Silane 
Particle modification will leave inter-particle spaces at the gold surface within the 
evanescent field.  Since the biorecognition ligand will be on the particle and not on the 
gold, it is expected that the surface coverage of particles will be paramount to the model. 
The initial approach to particle decoration of the gold surface was through thiol silane 
functionalisation of the gold. The thiol end of the 3-mercaptopropyltrimethoxysilane 
(MPTMS) molecules was chemisorbed on gold by a strong thiolate-Au bond (40-50 kcal 
mol-1) leaving the alkyl backbone packed away from the gold surface [234]. The silica 
particles were immobilised on the MPTMS functionalised gold surface through the 
formation of Si-O-Si bonds between hydrolysed organosilane MPTMS molecules and the 
free silanol groups of the silica particles [235]. The process is illustrated in Figure 3.1 
 
Figure 3.1 Illustration of the functionalisation of gold surface using 3-Mercaptopropyltrimethoxysilane 
(MPTMS) and the subsequent immobilisation of the silica particles. The diagram is not drawn to scale. 
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3.1.1.2 Physical Adsorption Aided by Mechanical Pressure 
Particles unlike other immobilisation matrices are large enough and free to move, 
therefore, they can be manipulated easily. The linker layer might not be necessary if we 
can bring the ligand molecules onto or near the surface without it being washed away. We 
propose a mechanical technique of particle immobilisation here. With a flexible channel 
support that can be filled with particles, a particle bed can be simply pressed onto the Au 
surface. 
Although a rigid flow chamber/channel assembly commonly used in SPR biosensors 
could also be used to contain a particle bed, the intimate contact with the sensor surface, 
needed for interaction with the SPR evanescent field becomes a feature of the packing of 
the column. On the other hand, a compressible channel also offers the functionality of 
mechanically pressing a particle bed on the sensor. A new design employing a channel 
made with flexible PDMS is illustrated in Figure 3.2. Submicron silica particles were first 
packed in the PDMS channel following the procedures in Section 2.5.4. The particles 
were immobilised by pressing the Au film through the prism onto the PDMS channel. 
When compressed, the height of the channel is expected to shrink therefore pressing the 
particle bed on the gold film. An illustration of the immobilisation process is given in 
Figure 3.3. Ingeneral, this method of particle immobilisation has the advantage of 
eliminating the step that involves the use of a chemical and therefore the corresponding 
steps of activation and washing, therefore achieving reagentless on-chip immobilisation of 
the particles. The disadvantge is that the immobilisation might be less well defined.  
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Figure 3.2 (A) 3D model of the PDMS channel with dimensions: 10 mm x 1 mm x 0.1 mm. (B) A photo 
of the PDMS channel on a slab. The aluminium support was removed in the experiments. 
 
 
Figure 3.3 Illustration of the particle immobilisation strategy by the compression of the channel. This 
pressure is not released during the experiment. The diagram is not drawn to scale. 
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3.2 Results and Discussion 
3.2.1 Protein Loading on the Silica Particles 
To pursue the silica particle bed formation for an SPR platform, the particles must first be 
derivatised with the desired biorecognition ligand. As an exemplar test system, rabbit IgG 
was used as a capture molecule. To assess the loading efficiency of IgG loaded on the 
silica surface, the concentration of the supernatant after the ligand immobilisation process 
(Section 2.3) was measured and subtracted. Figure 3.4 shows the result for loading a 
particle suspension of 5 mg/ml silica particles with various amounts of Rabbit IgG as 
described in Section 2.3. Results shows that for both non-specific physical adsorption and 
covalent immobilisation techniques, there is a trend towards higher loading at higher mass 
of ligand molecules added to the silica suspension, but total uptake from the supernatant is 
not obtained for the amount of silica employed. The loading of Rabbit IgG via 
carbodiimide coupling is higher than by non-specific adsorption. Therefore, in all the 
subsequent tests, only carbodiimide linking of ligands on silica particles was used for its 
higher efficiency. For 200 µg of antibody loaded on 5 mg of silica particles, the loading 
was 40 µg/mg. 
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Figure 3.4 Loading efficiency of Rabbit IgG on 5 mg sub-micron silica particles in 1 ml PBS buffer 
solution. 
3.2.2 Particle Loading on the SPR Surface 
3.2.2.1 Particle Coverage Using Thiol Silane 
Following attachment of the silica particles to the gold surface, as described in Section 
3.1.1.1, the particle coverage was examined by SEM as shown in Figure 3.5. The particles 
largely formed islands in single- or double-layer structure on the surface. This may be 
attributed to the coagulation of particles due to the inter-particle disulphuric bond 
formation. 
The area that the particles cover was estimated by manual identification and calculation 
using ImageJ and the result is tabulated in Table 3.1. On average, the particles covered 
38.3 ± 3.1% of the surface. In an attempt to improve the coverage, higher concentrations 
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of particles were used. However, it did not improve the coverage, which may be due to 
the underlying thiol modification efficiency. 
 
 
Figure 3.5 SEM images showing the coverage of silica particles on gold film at various places. 
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Table 3.1 Coverage percentages of silica particles on the Au surface for each image in Figure 3.5. 
Sample A B C D E F Mean Standard 
Deviation 
Coverage 
(%) 
43.08 40.85 34.90 32.22 38.38 32.22 38.3 3.1 
 
 
To confirm the function of the thiol silane linker, sub-micron silica particles were directly 
drop casted on bare gold film as a control. Figure 3.6A shows the distribution of the 
particles on the gold film after a suspension of them was air dried. The right half of the 
field of view was dominated by enormous clumps of particles forming a multilayer cloud-
like structure (potentially at the site where the particles were dropped). The left half, 
however, only had individual particles scattered around. This distribution pattern was 
different in the case with the thiol silane linker where the particles formed relatively 
small, near monolayer clusters. After washing the surface with water, a clear majority of 
the particles were washed away without the thiol silane modification, as shown in Figure 
3.6B. The lack of stability of the particles was undesirable where the particles are 
constantly in a system with the sample flowing over them. Thus, thiol silane could play a 
useful role in keeping the silica particles in place in the particle immobilisation strategy. 
Also of note is that the assembly of particles on the thiol-silane-modified surface does not 
show any regular assembly pattern, as usually seen in opal like self-assembly of silica 
particles; this may also be associated with the particle attachment being determined more 
by the silane ligand density than by opal-like inter-particle forces (the inhomogeneity of 
the particle sizes (Section 2.2.3) is also evident from the SEMs which may also influence 
packing forces). 
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Figure 3.6 SEM images of sub-micron drop-casted particles on bare gold film. (A) Gold surface with air 
dried particles. (B) Gold surface washed with water. 
Even with thiol silane as a linker, the particles did not cover the entirety of the sensor 
surface. To check if this result was attributed to the lack of functionalisation efficiency of 
the thiol silane, areas of the Au film that were not covered by the particles were analysed 
by EDX spectroscopy. Figure 3.7A shows the spectrum confirming the presence of 
sulphur alongside Au, Si, O and C as expected. Figure 3.7B shows the distribution of the 
detected sulphur element. It can be seen that thiol silane was present and distributed on 
the area that was not covered by the particles. The imperfect coverage of the particles was 
therefore not associated with the coverage of thiol silane but could be associated with the 
hydrolysis of the headgroup, causing inter-headgroup coupling instead of headgroup-
particle coupling (Figure 3.8). 
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Figure 3.7 (A) EDX spectrum of the thiol silane-functionalised Au surface. (B) Element distribution map 
of sulphur. The white dots indicate the location of sulphur. The mapping was done on an uncovered area 
of the particle modified Au surface. 
 
Figure 3.8 Illustration of the headgroup-particle coupling and the inter-headgroup coupling. 
3.2.2.2 Particle Coverage Using Physical Adsorption Aided by 
Mechanical Pressure 
Figure 3.9A shows a microscopic image of the submicron silica particles on the left side 
and the PDMS channel wall in the middle and the PDMS bank on the right. The bank and 
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the particle bed were in a separate plane of focus indicating that the particles did not 
completely fill the channel. This was to prevent overflow of the particles on the PDMS 
bank resulting in an imperfect seal when the gold film was placed on the PDMS. Once the 
gold film and the PDMS channel were assembled, it became difficult to assess the particle 
association with the gold film by visual means. After the experiment, the sensor was 
disassembled, and the gold surface was washed with water a few times to get rid of 
unbound particles. Figure 3.9B shows an SEM image of the particles on the film. In 
contrast to the drop-casted particles in Figure 3.6 (Section 3.2.2.1), many particles remain 
stuck to the surface with this mechanical pressure technique, even after five washing 
steps. The particles appear in single-layer clusters resembling the coverage achieved using 
thiol silane coupling. This was surprising, and the adsorption forces were not identified, 
but may be a result of the IgG molecules on the particles’ surface also adsorbing on the 
gold film. 
 
Figure 3.9 (A) Optical microscope image of the submicron silica particles packed in the PDMS channel. 
The particles are in the channel. (B) SEM image of the submicron particles stuck on the gold surface after 
the experiments. The film was washed with water to get rid of any unbound particles. 
It is also clear that the SEM image in the previous case is no longer appropriate here. The 
SEM image only shows the particles that are stuck on the gold surface after the 
experiment and after washing. It does not show the number of particles that are close 
enough to the gold film for the ligands to be in the evanescent field, but still too far to 
adsorb on the gold surface as illustrated in Figure 3.10. The method for calculating 
surface coverage using the SEM image in the previous case is therefore no longer 
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appropriate. However, from the optical microscope image (Figure 3.9A), it can be seen 
that there is a good packing density in the channel. Thus, the density in the evanescent 
field (i.e. the first layer) when the particles (245±49.0 nm) are pressed onto the surface is 
expected to be higher than the apparent coverage in Figure 3.9B (which is 16±3.2%). 
 
Figure 3.10 Illustration of a packed particle bed on the gold film with indication of the evanescent filed 
depth. 
3.2.3 Equivalent Local Refractive Index within the Evanescent Field on 
a Silica-particle-modified Au Film 
The penetration depth of the evanescent field of the resonant surface plasmon polaritons is 
278 nm as calculated from eq. (1.3), assuming the resonant peak wavelength is 650 nm. 
Considering that depth together with the sizes of the submicron silica particles (245±49.0 
nm as in Section 2.2.3), it can be concluded that the first layer of particles when 
immobilised on the film are completely immersed within the evanescent field, possibly 
with some influence from a second layer for the particle bed model. As seen in Figure 3.5, 
the addition of the particles increased the local refractive index in the evanescent field 
resulting in a red shift. For better understanding of the particle layer and predicting its 
behaviour, the particulate system can be approximated as a sub monolayer with an 
equivalent RI of its own using the Maxwell-Garnett theory (MGT). A cartoon showing 
the approximation is shown in Figure 3.11 
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Figure 3.11 Illustration of the equivalent RI approximation of a particulate system. 
 The MGT model is a theory that is accurate for small particle concentrations. For 
spherical particles of dielectric function 𝜖, the equivalent dielectric constant 𝜖3 is given in 
the following form [236]: 
 
𝜖3 = 𝜖𝑚 (1 +
3𝑓𝛽
1 − 𝑓𝛽
) 
𝛽 =
𝜖 − 𝜖𝑚
𝜖 + 2𝜖𝑚
 
(3.1) 
where 𝜖 is the dielectric constant of the particles, 𝜖𝑚 is the dielectric constant of the 
medium, 𝜖3 is the equivalent average dielectric constant of the layer, and f is the volume 
fraction. 
For a particulate sub monolayer, the volume fraction is: 
 
𝑓 =  
4
3 𝜋𝑟
3∅
(2𝑟)3
=
∅𝜋
6
 (3.2) 
where ∅ is the percentage coverage by area. 
The estimated equivalent dielectric constants within the evanescent field for the particle 
modification systems are tabulated in Table 3.2. 
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Table 3.2 Equivalent refractive indices within the evanescent field. 
System ∅ 𝝐 𝝐𝒎 𝝐𝟑 
Thiol silane coupled sub-monolayer in water 38 2.1228 1.7769 1.8428 
Thiol silane coupled sub-monolayer in PBS 
solution 
38 2.1228 1.7822 1.8466 
Pressed sub-monolayer in water 16 2.1228 1.7769 1.8042 
Pressed sub-monolayer in PBS solution 16 2.1228 1.7822 1.8092 
 
 
Another popular theory estimating the dielectric constant of mixtures is the effective 
medium theory (EMT) proposed by Landauer [237]. According to EMT, the dielectric 
constant of the composite system 𝜖3 in the case where the two grains are of spherical 
shape is given by the relation: 
 𝑓
𝜖1 − 𝜖3
𝜖1 + 2𝜖3
+ (1 − 𝑓)
𝜖2 − 𝜖3
𝜖2 + 2𝜖3
= 0 (3.3) 
where 𝜖1 and 𝜖2 are the dielectric constants of the grains and f is the volume fraction. 
Substituting the dielectric constants for water and silica in the formula yields 𝑛3 =
1.4321. Upon closer inspection of the EMT, it can be seen that the two components are 
treated in an equivalent manner. The two grains are assumed to be embedded in an 
effective medium whose dielectric constant is 𝜖3, the same as that of the composite 
material. However, in the MGT, the grain is assumed to be embedded in the matrix of the 
other component that forms the composite. The MGT apparently describes the situation in 
this experiment better since the silica particles are embedded in the sample solution 
resulting in a non-symmetric system. Thus, the approximation of an equivalent RI by the 
MGT is more plausible. All subsequent analysis is based on this approximation. 
Figure 3.12 shows the reflectance spectra of the gold surfaces with and without particle-
modification when sensing in pure water. The experimental peak position aligns well with 
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the theoretical predictions. The slightly worse figure of merit in Figure 3.12A is consistent 
with a difference in surface roughness. The Au film was assumed to be perfectly smooth 
in the simulation, but SEM images of the Au film suggested otherwise as shown in Figure 
2.1. It is well known in the literature that an inhomogeneous metallic surface results in a 
worse FWHM [238]. However, the larger FWHM in Figure 3.12B compared to the 
simulation can be caused by the absorption or scattering by the overlaying particles. The 
particles absorb or scatter light, which consequently changes the conditions for exciting 
the surface polaritons [239]. A simulation of the effect using the imaginary RI component 
k is shown in Figure 3.13. A higher value of k translates to a higher absorption or 
scattering of energy by the silica particles and, therefore, the FWHM increases. The ATR 
spectrum of the particle-modified surface was refitted to the absorption and scattering 
model and the result is shown in Figure 3.13A. 
The noise and deviations at extremely low and high wavelengths are due to normalisation 
to the low intensity of the white light at those wavelengths. The normalised value got 
noisy and unpredictable when the reflected light was divided by the low intensities. 
 
Figure 3.12 The reflected spectra of the SPR sensor with water in the chamber obtained with (A) an 
unmodified gold surface and (B) a particle-modified gold surface. The angle of incidence was set as 
73.7. The blue curve is the experimental data and the red one is the predicted value.  
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Figure 3.13 (A) The experimental ATR spectrum (blue) and the simulated one (red) after adding an 
imaginary component (k = 0.005) in the RI of the silica particles to account for the absorption or 
scattering. (B) Simulations showing the effect of k on the ATR spectra for a particle-modified Au 
surface. The real part of the refractive index was fixed at 1.3573 as predicted by the MGT. 
3.2.4 Sensitivity towards Bulk Medium 
For the particle-modified gold film to work as an SPR sensor, it needs to respond to 
refractive index changes in the evanescent field. The bulk sensitivity of the particle-
modified SPR sensor was measured using 10% (w/w) glucose solution with a RI of 1.348 
[230]. The sensorgram is shown in Figure 3.14A. Initially, when there was only water 
(𝑅𝐼 =  1.330) [240] flowing in the chamber, the peak wavelength was recorded at 
approx. 668.5 nm. The injection of glucose solution caused a red shift of approx. 37 nm. 
The peak position returned to approx. 669 nm upon flushing with water. 
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Figure 3.14 (A) The sensorgram showing the peak attenuation wavelength against time as 10% (w/w) 
glucose solution was injected in the chamber. The glucose solution was flowed into the chamber at 250 s 
and was flushed by water at 500 s. (B) The predicted spectra showing the peak positions when water 
(blue curve) and 10% glucose solution (red curve) are in the chamber respectively. The incident angle 
was set as 75.1 to align the baseline peak position to 668.9 nm as obtained in the experiment. 
To model the result, the equivalent RI of the particle layer was calculated to be 1.3573 in 
water (Section 3.2.3). When 10% glucose solution replaced water, the equivalent RI of the 
particle layer changed to 1.3692 because glucose solution fills the void. The predicted 
peak shift is 36.6 nm (Figure 3.14B) which is close to the experimental result (Figure 
3.14A).  
Figure 3.15 shows the results comparing the sensitivity of a bare gold film and a particle-
modified gold film. The results show that after particle modification, the signal towards 
bulk media stayed the same as the unmodified gold film. Using the refractive index of 
10% glucose solution reported in [230], the modified sensor is found to have a sensitivity 
of 2.034 µm/RIU. 
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Figure 3.15 Frequency shifts when 10% (w/w) glucose solution flushes water on bare Au film and on 
particle modified Au films. Three tests were done on each type of surface. 
3.2.5 Sensitivity Towards Antigen/Antibody Interaction 
The RI test performed in the previous section shows equivalent sensitivity for RI changes 
on the gold film with and without particles.  However, the RI change is occurring in the 
voids between the particles, whereas SPR has typically become a tool of choice for 
studying binding between a surface immobilised biorecognition ligand and its binding 
complement. Such unlabelled SPR sensing is usually considered to be best used for 
sensing large biomolecules. This is because in a one-to-one interaction with a 
biorecognition ligand at the surface of a gold film, large biomolecules are more optically 
dense than small ones at the same binding density. Small molecules can be detected easily 
only when they are labelled with a large molecule or a heavy nanoparticle [241]. In order 
to compare this scenario for the particle modified SPR surface, IgG and anti-IgG pairs 
were selected as the capture ligand and the analyte to test the sensitivity of the particle 
immobilisation model because of their large size and availability.  
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3.2.5.1 SPR Biosensor Modified by Particles using Thiol Silane 
Figure 3.6A shows a sensorgram obtained for the detection of 200 g/ml anti-Rabbit IgG. 
There was a 6.0 nm red shift following injection of the analyte. The response time in this 
figure due to the anti-IgG/IgG binding was much slower than the step change in the signal 
due to the bulk medium in Figure 3.14A.  
 
Figure 3.16 (A) The sensorgram showing the signal when anti-Rabbit IgG bound to the Rabbit IgG on the 
particles. (B) The sensorgram showing the signal where the particles were blocked by StabilCoat. The 
experiment was done in a stop-flow fashion. The coloured blocks indicate the solution in the chamber at 
that moment. 
The result of a control experiment where the particle-modified sensor surface was treated 
with StabilCoat instead of the capture ligand is shown in Figure 3.16B. The StabilCoat 
immunoassay blocker ensured there was no non-specific binding of the analyte on the 
blocked surface. The signal of approx. 0.2 nm shift was recorded which can be considered 
as the blank reference measurement. The difference between the positive signal and the 
blank one was the response to the anti-IgG. It is calculated to be 5.8 nm for 200 µg/mL 
anti-Rabbit IgG in this case. 
A series of concentrations of anti-Rabbit IgG were tested and the result is shown in Figure 
3.17. The sensitivity towards anti-Rabbit IgG is found to be 0.0328 nm/(µg/ml) or 
4.36×106 nm/M. 
84  
 
 
Figure 3.17 The particle-modified sensor response towards analyte concentrations from 50 to 300 µg/ml. 
(A) The respective sensorgrams at various concentrations. (B) The wavelength shifts plotted against the 
analyte concentrations. 
To compare the performance of the particle-modified sensor with a conventional gold 
film biosensor with SAM immobilisation, gold surfaces were functionalised with DDA 
first and the capture ligands were immobilised as described in Section 2.3.3. The results 
for the detection of 100 µg/ml are shown in Figure 3.18. From this bar graph we can see 
that the classical SPR biosensor with SAM immobilisation is much more sensitive. The 
difference in the sensitivity will be discussed in Section 3.2.6.5. 
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Figure 3.18 Frequency shifts at equilibrium on the gold film with alkanethiolate SAM and on particle 
modified gold films when sensing 100 µg/ml of anti-Rabbit IgG. 
3.2.5.2 SPR Biosensor Modified by Particles Using Mechanical-
pressure-aided Adsorption 
The sensorgram for the detection of 200 μg/ml of anti-Rabbit IgG is shown in Figure 
3.19. When StabilCoat blocking mix was in the channel to prevent non-specific binding, 
the refractive index increased initially to a saturation plateau. When it was washed away 
by PBS buffer solution, the sensorgram quickly returned to a lower level and stabilised. 
The increase attributed to the StabilCoat was due to the bulk increase of the refractive 
index. This is supported by the fast increase during the flow phase and the sharp decrease 
during the wash phase. Subsequently when the sample was flowed into the system and 
washed away, the sensorgram demonstrated an association and dissociation profile 
respectively which was governed by the kinetics on the antigen/antibody interaction.  
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Figure 3.19 (A) The sensorgram showing the signal when StabilCoat and 200 μg/ml anti-Rabbit IgG 
were flowed into the channel with intermediate PBS buffer washes. The experiment was done in a 
continuous flow. The blue curve is the raw data and the red one is smoothed. (B) The same sensorgram 
was adjusted for the baseline drift. The difference between time zero and the first wash phase may be 
attributed to the loss of particles. 
The apparent shift caused by the binding is 5.2 nm. This result is close to the 5.8 nm shift 
obtained in Section 3.2.5.1 where the particles were immobilised on the sensor surface 
using thiol silane coupling. 
3.2.6 Equivalent RI Analysis within the Evanescent Field 
The equivalent RI approximation has been a powerful tool for understanding the 
behaviour of the particle-modified surface towards a bulk medium as shown in Section 
3.2.3. It can also be used to shed some light on the binding behaviour between IgG and 
anti-IgG in the particle-modified SPR biosensor.  
3.2.6.1 Equivalent RI of Particles with Immobilised IgG. 
In a heterogeneous system such as the particle suspension discussed here, the refraction at 
each interface is often difficult to model individually. Instead, the particulate system can 
be simplified to a homogenous medium with an equivalent refractive index. A particle 
with immobilised IgG in the buffer solution can be modelled as a particle immersed in a 
hypothetical layer of IgG solution with a thickness same as the size of the protein. The 
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MGT can then be used to approximate the equivalent RI of the IgG immobilised particle 
using the dielectric constants of the solution layer and silica particles. 
 
Figure 3.20 Illustration of the equivalent RI approximation process. (A) The particle with immobilised 
ligands in the buffer solution. (B) The ligands together with the surrounding buffer solution are 
approximated by a liquid shell. (C) The particle and the liquid shell system can be modelled using MGT. 
(D) The particulate system can be then modelled using MGT. 
The refractive index of the IgG solution layer 𝑛𝑚 can be obtained by 
 
𝑛𝑚 = 𝑐𝑚∆𝑛 + 𝑛0 =
𝑚𝐴𝑏
𝑉𝑚
∆𝑛 + 𝑛0 =
∅𝑚𝑝
𝑉𝑝′ − 𝑉𝑝
∆𝑛 + 𝑛0 =
∅𝜌𝑝𝑉𝑝
𝑉𝑝′ − 𝑉𝑝
∆𝑛 + 𝑛0
=
∅𝜌𝑝(
𝑑𝑝
2 )
3
(
𝑑𝑝
2 + 𝑑𝐴𝑏)
3 − (
𝑑𝑝
2 )
3
∆𝑛 + 𝑛0 
(3.4) 
where 𝑐𝑚 is the concentration of IgG on the particle surface, ∆𝑛 is the refractive index 
increment per concentration of protein in solution, 𝑛0 is the RI of the buffer solution, 𝑚𝐴𝑏 
is the mass of the IgG on the particle surface, 𝑉𝑚 is the volume of the hypothetical ligand 
layer, ∅ is the average load (weight ratio) of IgG on the particles, 𝑚𝑝 is the mass of the 
particle, 𝑉𝑝
′ is the volume of the IgG immobilised particle, 𝑉𝑝 is the volume of unmodified 
particle, 𝜌𝑝 is the density of the particle, 𝑑𝑝 is the average diameter of the particles and 
𝑑𝐴𝑏 is the size of the IgG molecule.  
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Table 3.3 Parameters used in the MGT approximation of equivalent RI of a particle immobilised with 
IgG. 
Parameter Name Nomenclature Value and unit Reference 
Refractive Index 
Increment 
∆𝑛 0.19 RIU/(g/ml) [242 – 244] 
Buffer solution RI 𝑛0 1.335 Sigma-Aldrich 
Ligand loading ∅ 40 µg/mg Section 3.2.1 
Silica particle 
density 
𝜌𝑝 1.9 g/cm
3 [245] 
Silica particle 
diameter 
𝑑𝑝 245 nm Section 2.2.3.1 
IgG molecule size 𝑑𝐴𝑏 14.5 nm [246] 
 
 
Substituting all the values in Table 3.3 into eq. (3.4), we have the following estimations. 
The concentration of IgG in the layer on the particle surface is 190.5 mg/ml. Note the 
magnitude difference from the concentration in the bulk. The equivalent RI of the IgG 
layer, 𝑛𝑚, is 1.3712 and the dielectric constant 𝜖𝑚 is 1.8802. Substituting 𝜖𝑚 and the 
dielectric constant of silica (𝜖 =2.1228) into the MGT as in eq. (3.1), we have an 
equivalent RI of an IgG-immobilised particle of 1.4323. 
3.2.6.2 Modelling of the Biosensor Response with Blocked Particles 
For the SPR biosensor surface with overlaying blocked particles (i.e. particles that do not 
have Rabbit IgG ligands and are blocked by StabilCoat to prevent unspecific binding), the 
particles are essentially in a solution of 100 ug/ml anti-Rabbit IgG with no interactions. 
An equivalent RI of the particle layer in the evanescent field can be calculated by MGT. 
The blocked particles are assumed to have the same amount of blocking protein as 
discussed in Section 3.2.6.1 and the equivalent RI is therefore 1.4323. The RI of the 
buffer solution with 100 g/ml of anti-Rabbit IgG is estimated to have a RI of 1.3350. 
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Therefore, the equivalent RI of the particle layer within the evanescent field is 1.3541 in 
buffer solution and 1.3542 in the anti-Rabbit IgG sample. 
Figure 3.21 shows the simulated spectra corresponding to the experimental results shown 
in Section 3.2.5. The resolution of the simulated spectra does not allow for the peak 
position to be determined to the precision of 0.1 nm, but an estimation of 0.2 nm shift 
agrees well with the experimental data. 
 
Figure 3.21 Simulated spectra for an SPR biosensor modified with blocked particles in response to PBS 
buffer solution and the anti-IgG sample. (A) Full Spectra. (B) Spectra magnified to the attenuation peaks. 
The blue spectrum is the result in the buffer solution and the red is in the anti-IgG sample. 
3.2.6.3 Modelling of the Biosensor Response with Thiol Silane 
Coupled IgG Immobilised Particles 
The anti-Rabbit IgG molecules when bound to the Rabbit IgG ligands on the particles are 
expected to result in a higher local concentration. The bound anti-Rabbit IgG can be 
modelled as a denser layer of protein solution on the particle system modelled in Section 
3.2.6.1. The experimental result obtained in Section 3.2.5.1 can be used to trace back the 
local density of the captured anti-Rabbit IgG. Figure 3.22 shows the simulated spectra 
before the experiment and at equilibrium, showing a shift of 2.8 nm. The equivalent RI of 
the particle layer within the evanescent field was found to be 1.3554 after the binding 
reached an equilibrium. The corresponding equivalent RI of the particle and immobilised 
proteins was 1.4384. This translated to an equivalent RI of 1.3920 in the protein layer and 
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a concentration of 299.9 mg/ml in the layer on the particle surface. The concentration of 
the captured anti-Rabbit IgG, therefore, is 109.4 mg/ml after subtracting the concentration 
of the IgG ligands estimated in 3.2.6.1.  
 
Figure 3.22 Simulated spectra for a particle-modified SPR biosensor in response to the PBS buffer 
solution and the anti IgG sample. (A) Full Spectra. (B) Spectra magnified to the attenuation peaks. The 
blue spectrum is the result in the buffer solution and the red is in the sample. 
 
Table 3.4 Simulated refractive indices and local concentrations at various analyte concentrations. 
Analyte 
Concentration 
(μg/ml) 
Peak 
wavelength 
shift (nm) 
Evanescent 
field RI after 
binding 
Particle 
RI after 
binding 
Anti-IgG local 
concentration 
(mg/ml) 
50 1.3 1.3547 1.4353 61.60 
100 2.8 1.3554 1.4384 109.4 
150 4.4 1.3561 1.4421 177.9 
200 5.8 1.3567 1.4456 241.1 
250 8.0 1.3578 1.4509 338.4 
300 9.3 1.3584 1.4540 395.8 
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The analyte local concentrations can be estimated using the MGT model system for all the 
bulk concentrations tested in Section 3.2.5.1. The results are shown in Table 3.4 and 
Figure 3.23. The estimated local concentrations follow a linear relationship with the bulk 
analyte concentrations. 
 
Figure 3.23 Estimated local analyte concentration around the particle surface versus the bull 
concentration. 
3.2.6.4 Modelling of the Biosensor Response with Mechanically 
Pressed IgG Immobilised Particles 
As discussed in Section 0, the actual surface coverage of the mechanically pressed 
particles could not be determined by SEM images of the surface after the experiment. It 
may be estimated by modelling the biosensor’s sensitivity towards anti-IgG/IgG binding 
obtained in Section 3.2.5.2. Assuming the same local analyte concentrations on the 
particles as in the thiol silane coupled particle-modified SPR biosensor, the peak 
wavelength shifts when sensing 200 μg/ml anti-IgG for various surface coverage of 
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particles were simulated and the results are tabulated in Table 3.5. As expected, the 
surface coverage of the mechanically pressed particles is higher than the apparent value 
obtained from the SEM image in Section 0. Figure 3.9B only shows the particles that 
were stuck on the surface after washing. Particles that did not stick but were in the 
evanescent field during the experiment contributed to the sensitivity and the surface 
coverage was estimated to be 33 %. It is also evident that the sensitivity is highly reliant 
on the packing density of the particles in the evanescent field. 
Table 3.5 Simulated sensitivities for various surface coverage. 
Surface 
coverage (%) 
Evanescent filed RI 
(before binding) 
Evanescent field RI 
(after binding) 
Peak wavelength 
shift (nm) 
16 1 1.3431 1.3441 2.27 
20 1.3451 1.3464 2.96 
33 2 1.3516 1.3539 5.2 3 
38 4 1.3541 1.3567 5.91 5 
60 1.3653 1.3694 8.87 
90.7 6 1.3809 1.3871 14.1 
 
1 Actual coverage calculated from the SEM image post experiment after washing. 
2 Estimated coverage based on the particle-modified biosensor’s sensitivity. 
3 Actual peak wavelength shift measured by the SPR biosensor with mechanically pressed particles. 
4 Actual surface coverage on the SPR biosensor with thiol silane coupled particles. 
5 Actual peak wavelength shift measured by the SPR biosensor with thiol silane coupled particles. 
6 Maximum theoretical coverage for a monodisperse particle layer. 
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3.2.6.5 Sensitivity Comparison Between Particle Modification and 
SAM Immobilisation 
To compare the sensitivity between the SAM immobilisation system and the particle 
immobilisation system, we first assume the ligand density is the same on the SAM 
modified gold surface and the particle-modified gold surface. In other words, the 
concentration of Rabbit IgG on the alkanethiolate SAM modified gold surface is also 
190.5 mg/ml (Section 3.2.6.1), and the ligands capture 109.4 mg/ml of anti-Rabbit IgG 
(Section 3.2.6.3)out of the sample solution (100 µg/ml). The equivalent RI of the protein 
layer is 1.3712 before binding (Section 3.2.6.1) and 1.3920 after binding (Section 3.2.6.3). 
Substituting these values into the 3-layer model in Section 2.4.4, we have the spectra 
before and after binding as shown in Figure 3.24. The shift is 5.6 nm.  
 
Figure 3.24 Simulated spectra for SPR sensor with SAM immobilised IgG ligands in response to PBS 
buffer and anti-Rabbit IgG sample assuming full coverage of same ligand density as on the particles. (A) 
Full Spectra. (B) Spectra magnified to the attenuation peaks. The blue spectrum is the result in the buffer 
solution and the red is in the anti-IgG sample. 
If we reduce the estimate of the coverage and assume only 38% of the gold surface has 
ligands on it, the equivalent RI within the binding layer is 1.3488 before binding and 
1.3567 after. The shift in the attenuation peak becomes 2.3 nm as shown in Figure 3.25.  
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Figure 3.25 Simulated spectra for SPR sensor with SAM immobilised IgG ligands in response to PBS 
buffer and anti-Rabbit IgG sample assuming 38% coverage of same ligand density as on the particles. (A) 
Full Spectra. (B) Spectra magnified to the attenuation peaks. The blue spectrum is the result in the buffer 
solution and the red is in the anti-IgG sample. 
The first simulation overestimated the coverage of the ligands as the particles only had a 
coverage of 38% while the second simulation underestimated it as it ignored the curvature 
of the particles providing a larger surface area. It is difficult to estimate an equivalent 
ligand density due to the 3-dimensional distribution of the ligands on the particle, but the 
actual ligand density must fall between those two estimations. Therefore, if the estimated 
ligand density matches that in the particle-modified SPR biosensor, the traditional SPR 
biosensor should have a response between 2.3 nm and 5.6 nm. This range of values does 
not deviate far from the response of 2.8 nm obtained in the particle-modified SPR 
biosensor as discovered in Section 3.2.5  
Although the sensitivity of the particle-modified SPR biosensor is in the same ballpark of 
the traditional SPR biosensor, the location of the analyte does influence the sensitivity of 
the biosensor. To assess the effect of the binding location towards the sensitivity, the 
binding analyte concentration obtained from Section 3.2.6.3 was simulated at various 
distances from the sensor surface. Figure 3.26 shows a depiction of the distribution of the 
biorecognition molecules and the analyte molecules at the surface of each type of 
biosensor. Because of the particles’ presence, the ligand and analyte molecules are 
immobilised at different distances away from the sensor surface. And almost all of them 
are further away than if they were covalently attached to an alkanethiolate SAM. The 
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theory in Section 1.2.1 states that the evanescent field strength decreases exponentially 
with the penetration depth according to eq. (1.4). A simulation of the wavelength shifts 
due to analytes at different distances is shown in Figure 3.27. For the same local 
concentration of analyte, the exponentially decreasing sensitivity can be seen clearly. As a 
combined effect, the particle-modified biosensor generally has a lower sensitivity than a 
traditional biosensor if the binding density is similar. 
 
Figure 3.26 Illustration of the different positions of the captured analyte molecules on a sensor surface 
with ligands attached directly and a surface with particle modification. The diagram is not drawn to scale. 
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Figure 3.27 Relationship between the sensor response and the analyte’s distance from the surface. The 
local concentration of the analyte is assumed to be 109.4 mg/ml. The simulation is done in a discrete 
fashion where a layer of 14.5 nm of IgG solution is situated at various distances from the sensor surface. 
All the simulations above assumed matching ligand density on the biosensors and the 
simulated response of a traditional sensor is much smaller than the experimental response 
(over 20 nm) obtained in Section 3.2.5.1. This is probably due to the surface having a 
higher ligand density in practice on the surface using the alkanethiolate SAM 
immobilisation method. An SPR biosensor surface with a higher ligand density captures 
more analyte from the same concentration of sample, therefore, has a higher apparent 
sensitivity.  
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3.2.7 Kinetic Model of the Binding Interaction 
3.2.7.1 Particle-modified SPR Biosensor under Stop-flow Condition 
The reference-adjusted sensorgram in response to 100 µg/ml anti-Rabbit IgG (first 30 
mins of binding) is fitted to the Langmuir model described in 2.7.1 (Figure 3.28B). The fit 
is bad as the modelled curve reaches an equilibrium earlier than the experimental data. 
 
Figure 3.28 (A) Reference-adjusted sensorgram showing the detection of 100 μg/ml anti-Rabbit IgG for 
the first 30 minutes after injection. The vertical axis shows the wavelength shift from the baseline for 
PBS buffer solution. (B) Data points from the sensorgram and the fitted Langmuir kinetic binding model. 
Two considerations were made to improve the fit of the Langmuir model. Firstly, at the 
start of the injection, the sample took a while to enter the chamber resulting in a slow 
initial response. To account for this transition period, the sensorgram was extrapolated  
backwards in time, resulting in a virtual time zero (Figure 3.29A). Figure 3.29B is 
obtained by fitting the Langmuir model to the adjusted data. The residue value is 0.1006 
and the fit has not improved visually. The simulated sensorgram still reaches equilibrium 
faster than the experimental data. 
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Figure 3.29 (A) Reference-adjusted sensorgram showing the detection of 100 μg/ml anti-Rabbit IgG for 
the first 30 minutes after injection with an extrapolated time zero. The insert shows the magnified curve 
between 500s and 800s. The virtual time zero starts at 650 s. (B) The corrected data and the fitted 
Langmuir binding model. 
Secondly, the mass transfer effect may be prominent because the experiment was done in 
a stop-flow configuration. In the Langmuir model, the concentration of the adsorbate is 
assumed to be constant. However, the antigen/antibody binding often happens on a 
surface where the capture ligand is immobilised. In such a scenario, the rate of the binding 
and dissociation may be limited by the binding reaction itself and/or by mass transport to 
the surface [233].  
The Langmuir model accounting for the mass transfer effect (as described in Section 2.7.2 
eq. (2.7) and eq. (2.8)) fits well in Figure 3.30. This suggests that the IgG/anti-IgG 
binding on the particles is limited by the mass transfer of analyte from the bulk solution to 
the sensor surface. 
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Figure 3.30 Sensorgram data points of the particle-modified biosensor fitted to the Langmuir model with 
mass transfer consideration. The data was obtained sensing 100 µg/ml anti-Rabbit IgG under a stop-flow 
configuration. 
The Langmuir model with mass transfer consideration fits well to the sensor data for 
various analyte concentrations and the resultant parameters are shown in Table 3.6. The 
association rate constant and the dissociation rate constant increase as the concentration 
increases indicating that both the association and dissociation are analyte-concentration-
dependent to approximately the same level. The affinity constant stays relatively constant. 
The mass transfer rate constant stays relatively constant too.  
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Table 3.6 The parameters of the Langmuir model with mass transfer consideration fitted to sensorgram 
data for various analyte concentrations on the particle-modified gold surfaces under stop-flow. 
Analyte 
Concentration 
𝒄𝟎 (µg/ml) 
Association 
Rate Constant 
𝒌𝒂 (× 𝟏𝟎
𝟑 M-1s-
1) 
Dissociation 
Rate Constant 
𝒌𝒅 (× 𝟏𝟎
−𝟓 s-1) 
Mass transfer 
Rate 
Constant 𝒌𝒕𝒓 
(× 𝟏𝟎−𝟒  M-1s-
1) 
Affinity 
Constant 
𝑲𝒂  ( × 𝟏𝟎
𝟕 
s-1) 
50 1.12 1.63 1.15 6.87 
100 2.02 2.97 1.27 6.80 
150 3.16 4.76 1.30 6.64 
200 4.06 5.83 1.12 6.96 
250 5.13 8.23 1.23 6.23 
300 6.10 9.10 1.25 6.70 
 
 
3.2.7.2 Traditional SPR Biosensor under Stop-flow Condition 
To compare the binding kinetics of antibody/antigen interaction on traditional SPR 
biosensors, the sensorgram data obtained on a surface with an alkanethiolate SAM 
immobilisation was also fitted to the Langmuir model. Results with and without a virtual 
zero are shown in Figure 3.31. As expected, the simple Langmuir model does not fit the 
experimental data well even though the slow start was accounted for. 
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Figure 3.31 (A) Reference-adjusted sensorgram showing the detection of 100 μg/ml anti-Rabbit IgG on a 
gold surface with alkanethiol SAM for the first 30 minutes after injection. The vertical axis shows the 
wavelength shift from the baseline for PBS buffer solution. (B) Data points from the sensorgram fitted to 
the simple Langmuir kinetic model. (C) Sensorgram with an extrapolated virtual time zero. The insert 
shows a magnified view from 780s to 860s. (D) Data points from the zero-adjusted sensorgram fitted to 
the simple Langmuir kinetic model. 
After the mass transfer to the surface is accounted for in the model, it fits well as shown in 
Figure 3.32. The fitted parameters when compared with that of the particle-modified 
surface show similarities in the binding kinetics but deviations in the mass transfer. The 
similar association and dissociation rate constant suggest that the overlaying particles 
have little effect on the binding mechanism between the IgG and anti-IgG molecules. The 
mass transfer rate constant on the flat gold film almost doubles that on the particle-
modified gold film and indicates a faster mass transfer of the analyte to the sensor surface. 
More tests with various concentrations of anti-Rabbit IgG on flat gold films confirmed 
this and the fitted parameters are tabulated in Table 3.7 (concentrations higher than 150 
102  
 
µg/ml could not be tested due to the large shift causing the theoretical peak to fall out of 
the max wavelength on the halogen white light spectrum). 
 
Figure 3.32 Sensorgram data points obtained on a gold surface with alkanethiolate SAM immobilisation 
fitted to the Langmuir model with mass transfer consideration. The data was obtained sensing 100 µg/ml 
anti-Rabbit IgG in a stop-flow configuration. 
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Table 3.7 The parameters of the Langmuir model with mass transfer consideration fitted to the 
sensorgram data points for the detection of various analyte concentrations under a stop-flow 
configuration. 
 
Analyte 
Concentration 
𝒄𝟎 (µg/ml) 
Association 
Rate Constant 
𝒌𝒂  ( × 𝟏𝟎
𝟑  M-
1s-1) 
Dissociation 
Rate Constant 
𝒌𝒅 (× 𝟏𝟎
−𝟓 s-1) 
Mass 
transfer Rate 
Constant 𝒌𝒕𝒓 
( × 𝟏𝟎−𝟒   M-
1s-1) 
Affinity 
Constant 
𝑲𝒂  ( × 𝟏𝟎
𝟕 
s-1) 
50 0.95 1.39 2.36 6.83 
100 1.89 2.68 2.85 7.05 
150 2.76 3.91 2.23 7.06 
 
Mass transfer coefficients depend on many parameters including the physical properties 
of the fluid, the geometry of the interface along with its dimensions, and the average 
velocity [233]. In a series of experiments, the property of the fluid stayed unchanged as 
the same sample and buffer solution were used. The average velocity was zero in the stop-
flow configuration. The discrepancy in the resultant mass transport rate, therefore, is 
largely because of the geometry of the interface, in this case, the topography of the 
surface. On the particle-modified sensor, there is an extra phase between the bulk and the 
surface as shown in Figure 3.33. The addition of this extra phase changed the mass 
transfer rate. 
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Figure 3.33 Illustration of the different mass transfer behaviour on flat gold surfaces and on particle-
modified gold surfaces. A stop-flow configuration is assumed for both surfaces. The diagram is not 
drawn to scale. 
In summary, the binding between rabbit IgG and anti-Rabbit IgG exhibited similar 
association and dissociation rates on the particle-modified SPR biosensor and on the gold 
surface with alkanethiolate SAM. In a stop-flow configuration, the binding on both 
surfaces is largely limited by the mass transfer of the analyte to the biorecognition sites. 
And the complex 3-dimensional particle-modified surface results in a slower mass 
transfer rate than on a flat gold surface in a stop-flow configuration. 
3.2.7.3 Particle-modified SPR Biosensor under Continuous Flow 
Condition 
To study the binding kinetics on the immobilised submicron silica particles by physical 
adsorption aided by mechanical pressure, the sensorgram data discussed in Section 3.2.5.2 
was fitted to the Langmuir model. Figure 3.34 shows the raw data points fitted to the 
model without any modification. The model fits well, and the apparent association 
coefficient is 5.09 × 103 M-1s-1, and the dissociation coefficient is 1.68 × 10−5 s-1.  
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Figure 3.34 (A) Sensorgram showing the detection of 200 µg/ml anti-rabbit IgG for the first 6.5 minutes 
after the injection. The vertical axis shows the wavelength shift from the baseline for the PBS buffer 
solution. (B) Data points from the sensorgram fitted to the simple Langmuir adsorption model. 
Once again, a slower process can be seen at the start of the injection where the sample 
entered the channel and the anti-IgG started to bind to the IgG. The sensorgram was 
adjusted for this phenomenon with a pseudo time zero, as before, and a more informative 
kinetic curve was obtained in Figure 3.35. The adjusted sensorgram fits to the Langmuir 
model better than the raw data. The corresponding association coefficient and dissociation 
coefficient are 6.91 × 103 M-1s-1 and 3.37 × 10−5 s-1.  
 
Figure 3.35 Sensorgram showing the detection of 200 μg/ml rabbit IgG for the first 6.5 minutes after the 
injection with an extrapolated time zero for binding event. The insert shows the magnified curve between 
250 s and 340 s. The virtual time zero starts at 298 s. (B) The adjusted data fitted to the simple Langmuir 
adsorption model. 
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The kinetic behaviour differs greatly from the case where the submicron silica particles 
were immobilised by thiol silane. This may be attributed to how the sample flows. In the 
case of thiolsilane immobilisation, the particles were only on the surface of the gold film 
and were analysed under stop-flow. However, in the case of mechanical immobilisation, 
the sensor was used under a continuous flow configuration. This was because the particles 
loosely filled the entire channel and were affected by the flow motion, thereby influencing 
the signal recorded when the flow stopped. In the continuous flow process, the mass 
transfer was from a replenishing sample to the binding sites, without a depletion zone. 
The adsorbate concentration at the adsorbent surface remained close to the analyte 
concentration in the bulk sample as predicted by the rapid mixing model. Therefore, the 
system reduced to a simple Langmuir kinetic model. 
The experimental data was also fitted to the Langmuir model with mass transport 
considerations and the result is shown in Figure 3.36. The model fits well as expected. 
The affinity constant is unchanged from the one in Section 3.2.7.1, but the mass transport 
rate is 3 orders of magnitude higher than the stop-flow configuration. This supports the 
suggestion made above that the mass transport to the surface is much faster in the 
continuous flow configuration than in the stop-flow configuration. The binding kinetics 
was not mass transport limited therefore can be approximated to the basic Langmuir 
model. 
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Figure 3.36 Sensorgram data points obtained on a sensor with particles immobilised by pressure-aided 
physical adsorption fitted to the Langmuir model with mass transfer considerations. The data was 
obtained when sensing 200 µg/ml anti-Rabbit IgG in a continuous flow configuration. 
Experimental data points for detecting various sample concentrations were fitted to the 
mass-transport-limited Langmuir model and the parameters are tabulated in Table 3.8. 
The affinity constant is relatively unchanged, and the rates of mass transport are high in 
all models. 
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Table 3.8 The fitted parameters of the Langmuir model with mass transfer at various analyte 
concentration on the sensor modified with particles using aided adsorption under continuous flow. 
 
Analyte 
Concentration 
𝒄𝟎 (µg/ml) 
Association 
Rate Constant 
𝒌𝒂  ( × 𝟏𝟎
𝟑  M-
1s-1) 
Dissociation 
Rate Constant 
𝒌𝒅 (× 𝟏𝟎
−𝟓 s-1) 
Mass 
transfer Rate 
Constant 𝒌𝒕𝒓 
( × 𝟏𝟎−𝟏   M-
1s-1) 
Affinity 
Constant 
𝑲𝒂  ( × 𝟏𝟎
𝟕 
s-1) 
100 2.36 3.28 3.19 7.20 
200 5.41 7.18 3.61 7.53 
300 7.95 9.93 3.25 8.01 
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3.3 Summary 
In this chapter, the particle immobilisation strategy on an SPR biosensor was explored. 
Two techniques employing silica particles as ligand carriers were proposed. 
The first technique used thiolsilane coupling to fixate the silica particles on a gold surface. 
The coverage by such method was found to be roughly 38%. The sensitivity of the 
particle-modified surface towards a bulk medium was found to be unchanged from an 
unmodified surface while the sensitivity towards an antibody antigen interaction is found 
to be lower than if the capture ligands were directly immobilised by an alkanethiolate 
SAM on the surface. Theoretical simulation revealed that although the distance of the 
binding interaction to the surface affected the sensitivity, the said difference was mainly 
due to the discrepancy in the ligand density by the different immobilisation strategies.  
The second technique used mechanical pressure to immobilise the particles on a gold 
surface using a flexible PDMS channel. The channel deformed and pressed the particle 
bed close to the sensor surface. The subsequent antigen-antibody binding experiment 
showed a slightly lower sensitivity to the thiol treated surface, due to a lower particle 
density in the evanescent field. The particle packing near the Au film was estimated to be 
33%. 
As expected, the binding kinetics between IgG and anti-IgG were found to be unchanged 
for the two particle modification systems, with similar association and dissociation rate 
constants for the same analyte concentration. The difference in mass transport was 
associated with the flow procedure. In the continuous flow set up, the binding followed 
the simple Langmuir kinetics model. In the stop-flow experiment, the kinetic behaviour 
was greatly affected by the mass transport of the analyte to the sensor surface. 
Overall, we demonstrated an SPR biosensor with the gold surface modified by sub-micron 
silica particles. These particles acted as carriers of the biorecognition ligands. The 
particle-modified sensor was sensitive towards the RI change for both bulk medium and 
the IgG/anti-IgG interaction on the surface of the particles.  
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Although the viability of a particle-modified SPR sensor was shown, the gold surface 
modification with particles is below 50 %, further development of the particle fixation 
technique is required. This with be explored in the next chapter. 
 Chapter 4 Column-modified Spectral SPR 
Biosensor 
4.1 Introduction 
The previous chapter explored SPR biosensors with the particles as an overlaying layer at 
the surface. The continuous flow experimental results showed that the kinetics did not 
differ from a traditional sensor with a SAM immobilisation layer. The particles could be 
considered as a new surface immobilisation matrix and its behaviour resembled traditional 
SPR biosensors with other immobilisation layers or matrices. 
To further simplify the preparation step and in the hope of improving the sensitivity by 
improving the particle coverage on the sensor surface, the particle packing technique is 
further optimised in this chapter. As the chamber is filled with the IgG-immobilised 
particles, its entirety can be considered as the immobilisation and binding matrix. This 
greatly affects the mass transport kinetics of the analyte and the sensor shows responses, 
which to the best of our knowledge, have never been reported. 
This chapter introduces the sensor configuration first. The results section reports on the 
IgG loading on the silica gel particles and the sensor’s sensitivity towards IgG/anti-IgG 
binding. It then explores the sensorgrams’ pulsation due to fluid pumping and presents an 
algorithmic solution to data smoothing. Finally, the chapter studies the kinetics behaviour 
of the column-modified biosensor and proposes a bi-directional mass transport model to 
explain the phenomena.  
4.1.1 Silica Column Assembly 
In a traditional chromatography column, a cylindrical tube filled with particles/beads is 
used. In the configuration of the column-modified SPR sensor, we have a channel with 
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four flat walls. Figure 4.1 shows a cartoon of the column with the particles packed in the 
channel. By adding a filter plug at the outlet end, the particles get trapped in the channel 
and can pack behind the plug (although probably not in the regular pattern of the cartoon). 
The channel depth is also increased to 1 mm from 0.1 mm in the model in Section 3.1.1.2. 
as the mechanical deformation of the PDMS channel to compress the particles on the Au 
surface is no longer necessary and a deeper channel allows the plug to be relatively large 
at 1 mm x 1 mm x 1 mm and therefore easier to manipulate.  
 
Figure 4.1 Illustration of a particle modified SPR sensor using the injection method. The diagram is not 
drawn to scale. 
Due to the increase in the channel volume, submicron particles are no longer 
economically the size of choice as the yield is low and the fabrication cost is high. 
Instead, commercial silica gel that is commonly used in chromatography is explored as a 
cheap and readily available alternative. The particles have a size range of 15±10 μm. The 
details of the materials and method can be found in Section 2.5. 
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4.2 Results and Discussion 
4.2.1 Antibody Loading on Silica Gel Particles 
Various concentrations of rabbit IgG were immobilised on the particle surface following 
the steps introduced in Section 2.3.2.2. The loading efficiency is plotted in Figure 4.2. 
Carbodiimide coupling again offers higher efficiencies at all concentrations. Therefore, it 
was the choice for all subsequent experiments. At low concentrations, the loading 
efficiency is around 100%. However, after taking the concentration of the particles (50 
mg/ml) into account, 200 µg/ml of rabbit IgG only has a ligand-to-particle ratio of 4 
µg/mg. This value is lower than the ratio of IgG to submicron silica particles in the 
previous chapter. To achieve a higher loading mass, the IgG concentration of 1000 µg/ml 
was used, and the loading ratio was 14 µg/mg. The lower efficiency might be attributed to 
the smaller surface-to-volume ratio of the larger silica gel particles and therefore a lower 
loading capacity per mass of the particles. 
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Figure 4.2 Loading efficiency of Rabbit IgG on 50mg silica gel particles (15 μm mean diameter) in 1 ml 
PBS buffer solution. 
4.2.2 Filtering of Periodic Noise on the Sensorgrams 
Figure 4.3 shows the sensorgram of the column-modified SPR biosensor detecting a 
sample containing 200 g/ml of anti-Rabbit IgG. The sensorgram has much more noise 
than those obtained in the previous sections. Unlike the noise encountered before which is 
random, the noise here appears to be periodical. This is attributed to the pressure 
fluctuation when the peristaltic pump delivered the solution to the channel. In a traditional 
or particle-layer-modified SPR biosensor, there was no filter plug blocking the exit of the 
channel. The pressure of the liquid in the channel was equalised to the atmospheric 
pressure at all time despite the pulsation of the pump. When the filter plug was in place, 
the pressure inside the channel was no longer equalised immediately. Thus, the pulsation 
of the pump was reflected in the signal on the sensorgram as a fluctuating noise. To prove 
 115 
 
this hypothesis, various flow speeds were tested, and the resulting frequencies of the noise 
are recorded in Table 4.1. 
 
Figure 4.3 Sensorgram showing the raw data of the column-like SPR sensor detecting anti-Rabbit IgG 
binding to the Rabbit IgG on the surface of the particles in a continuous flow configuration. 
Table 4.1 Observed noise frequencies and the corresponding flow rates. 
Pump speed 
setting 
Observed average flow rate 
(ml/min) 
Noise frequency 
(Hz) 
0.66 0.095 0.019 
0.68 0.109 0.024 
0.70 0.126 0.038 
 
 
To correct for this pulsation noise, a band-stop filter algorithm was used. The filtered 
sensorgram is shown in Figure 4.4. The algorithm successfully eliminated periodic noise 
in the signal while retaining the information of the refractive index change. All 
subsequent wavelength shift calculations and the kinetic analysis are extracted from the 
filtered signal instead of the raw data. 
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Figure 4.4 Sensorgram showing the raw signal (blue) of the column-like SPR sensor detecting the Rabbit 
IgG/anti-Rabbit IgG binding in a continuous flow configuration and the filtered signal (red). A band-stop 
Butterworth filter was applied to eliminate frequencies around 0.024Hz using MATLAB. 
The idea of using band-stop filters to eliminate the periodic noise arising from the 
pulsation has a much wider implication. In most commercial high-performance liquid 
chromatography (HPLC) systems equipped with reciprocating pumps, dampening devices 
are used to reduce the flow pulsations. The dampening device increases the complexity of 
the fluid delivery system and adds cost to the setup. A simple algorithmic approach as 
shown here, is perhaps better if the detection period is much longer than the cycle period 
of the pulsations. It is especially favourable when the system has constraints on budget, 
complexity and space, for instance, in a point-of-care setting. In the scope of this thesis, 
the band-stop filter has a designed extinction frequency at 0.024 Hz and it works for all 
the flow rates used in the project. For a wider application, an extra algorithm can be 
employed to determine the frequency of the pulsation before having a filter designed 
accordingly. 
4.2.3 Sensitivity Towards IgG/anti-IgG Interaction 
Figure 4.5 shows the filtered sensorgram by itself when detecting a 500 μl sample 
containing 200 g/ml of anti-Rabbit IgG. At the start of the experiment, PBS buffer 
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solution was flowed in the column to stabilise it. During the washing phase after the 
StabilCoat blocking step, the signal does not drop sharply as in the experiments discussed 
in Section 3.2.5.2. After approx. 2200 s it gradually drops to approx. 10% of its peak 
value. When the sample was flowed in the column, the signal started to increase, but it did 
not stop or decrease even after the next flushing phase. This behaviour also differs from 
traditional SPR biosensors or the particle-layer-modified ones. The kinetics of the binding 
event is studied in detail later in Section 4.2.4. 
 
Figure 4.5 Filtered sensorgram showing the SPR sensor detecting anti-rabbit IgG binding to the particles 
in a continuous flow fashion in an affinity chromatography. The coloured block indicates the duration 
that a certain type of solution that is flowing in the column. 
To our best knowledge, this is the first time an unlabelled analyte’s behaviour is observed 
in a particle column using an integrated SPR biosensor. It is possible to label the analyte 
molecule with a reporter molecule (e.g. a chromophore) to visualise its behaviour within 
the column but the presence of this agent may alter the nature of the analyte-ligand 
interaction [247] and also its mass transport within the column. A few researchers 
reported experiments done using an SPR biosensor and a liquid chromatography system 
together [204, 205, 248], but all of them had the sensor and the LC system in series. The 
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integration was, as they call it, post-column. The column-modified SPR biosensor is the 
first integration that has the sensor online with the column. 
The difference between the peak extinction wavelengths before the flow of the sample 
and at the end of the experiment was recorded as the signal for a specific analyte 
concentration. In the experiment shown in Figure 4.5, the shift of wavelength is 7.4 nm 
for 200 g/ml of anti-rabbit IgG. Fig. 4.13 shows a graph of the results of a series of 
experiments with various analyte concentrations. The maximum wavelength shift is 
proportional to the analyte concentration in the region between 50 to 300 g/ml as 
expected.  
 
Figure 4.6 Plot of the maximum wavelength shifts when detecting various concentrations of anti-Rabbit 
IgG. 
The sensitivities of the column-modified SPR biosensor, the two types of particle-layer-
modified SPR biosensors and a traditional one with a SAM immobilisation layer are 
tabulated in Table 4.2. The sensitivity is slightly higher for the column configuration. 
However, it is still much lower than the SAM configuration.  
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The commercial silica gel particles are polydisperse according to the manufacturer. The 
particle sizes range from 5 μm to 25 μm. Polydisperse particles when packed provide a 
higher packing density according to the studies in the literature [249 – 251]. A higher 
packing density results in a higher ligand density, and therefore, potentially a higher 
sensitivity towards IgG/anti-IgG interaction within the evanescent field as simulated in 
Section 3.2.6.4. Therefore, among all the particle modification techniques, the packed 
polydisperse silica gel particles provide the highest sensitivity. The large difference 
between SAM immobilisation and particle immobilisation strategies are due to the 
difference in the ligand capacity as studied before. 
Table 4.2 Sensitivity comparison among SPR biosensors with various immobilisation strategies. 
Method of Immobilisation Sensitivity 
(mm/M) 
Sensitivity 
(RIU/M) 
Alkanethiolate SAM 31.8 15630 
Particle layer bound by thiolsilane 
coupling 
4.36 2144 
Particle layer bound by mechanical 
pressure 
3.90 1917 
Particle bed in a column 5.55 2729 
 
 
Nonetheless, the particle column configuration has potential. It simplifies the sensor 
preparation procedure when compared to the multiple chemical derivatisation steps in a 
traditional SPR biosensor experiment and is suitable for many affinity ligands. The 
column could also be extended to separation science as intended with chromatography 
with the benefit of an online refractive index detector.  
The particle column was also tested for its sensitivity towards nonspecific binding. In this 
test, an anti-Rabbit IgG sample was injected after an anti-Mouse IgG sample of the same 
concentration. Each of the washing steps was shortened with 2 ml of PBS buffer solution 
to maintain similar experiment duration in total. The resultant sensorgram is shown in 
120  
 
Figure 4.7. It is seen that the anti-Mouse IgG sample did not give a binding signal like the 
anti-Rabbit IgG sample because the former does not bind specifically to the Rabbit IgG 
on the particles. The signal increased slightly with the anti-Mouse IgG sample in the 
column due to the increase in the average refractive index in bulk from PBS buffer 
solution. This increase was similar to the increase attributed to the StabilCoat mix and 
was not caused by binding as the sensorgram went back down when the column was 
flushed with PBS buffer solution in the next phase. The anti-Rabbit IgG sample, however, 
behaved similarly as discussed in Section 4.2.3 resulting in a continual signal both in the 
injection and flushing phases. 
 
Figure 4.7 Sensorgram showing the detection of anti-Mouse IgG and anti-Rabbit IgG in series on a 
biosensor with a Rabbit IgG immobilised column. 
4.2.4 Kinetic Model of a Column-modified SPR Biosensor 
4.2.4.1 Adsorption Model on a Particle Column 
In the previous modelling, the particulate surface was treated as a flat surface as the size 
of the particles (245 nm) was negligible when compared with the dimension of the 
channel (100 µm). However, this approximation is no longer valid as the particles fill the 
entire channel in the column modification. The non-porous particle adsorption model 
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(NPPAM) [252] is therefore applicable. The NPPAM is true for all the particles in a 
column if we further assume: 
1. The effect of axial diffusion is negligible. 
2. The fluid velocity is uniform over the cross section of the column. 
3. The transport of adsorbate from the bulk fluid to the surface of the particle can be 
described by a film resistance mechanism. 
4. The interaction between the adsorbate and the immobilised ligand at the particle 
surface is described by a Langmuir type model. 
5. The mass transfer and surface interaction steps are considered to occur in series. 
The rate of mass transfer in the liquid film at the particle surface is described by 
 𝜕𝑐𝑠
𝜕𝑡
=
3
𝑅
1 − 𝜀
𝜀
𝑘𝑡𝑟(𝑐 − 𝑐𝑠) (4.1) 
where 𝑅 is the radius of the particle, 𝑘𝑡𝑟 is the liquid film mass transfer coefficient, and 𝑐𝑠 
is the intermediate concentration of the adsorbate in the liquid phase at the surface of the 
particles. The term 
3
𝑅
1−𝜀
𝜀
 is the interface area per unit interstitial void volume of the 
packed bed. 
The surface adsorption rate is described by the Langmuir reversible reaction 
 𝜕𝑄
𝜕𝑡
= 𝑘𝑎𝑐𝑠(𝑄𝑚𝑎𝑥 − 𝑄) − 𝑘𝑑𝑄 (4.2) 
where 𝑘𝑎 is the association rate, 𝑄𝑚𝑎𝑥 is the theoretical maximum amount of the 
adsorbate on the adsorbent, 𝑘𝑑 is the dissociation rate constant. 
As the film mass transfer and the surface interaction steps are considered to occur in 
series, the mass balance between the liquid concentration at the particle surface and the 
solid concentration can be written as 
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𝜀
𝜕𝑐𝑠
𝜕𝑡
= (1 − 𝜀)
𝜕𝑄
𝜕𝑡
 (4.3) 
Eliminating 𝑐𝑠 and its derivative from the three equations above, we have the adsorption 
rate equation simplified as 
 𝜕𝑄
𝜕𝑡
=
𝐴[𝑘𝑎𝑐(𝑄𝑚𝑎𝑥 − 𝑄) − 𝑘𝑑𝑄]
𝐴 + 𝑘𝑎(𝑄𝑚𝑎𝑥 − 𝑄)
 (4.4) 
where 𝐴 =
3
𝑅
𝑘𝑡𝑟. 
In a continuous flow experiment where the mass transfer between the mobile phase and 
the particle surface is fast, the adsorption becomes binding kinetic limited. As a result, 
𝐴 ≫ 𝑘𝑎(𝑄𝑚𝑎𝑥 − 𝑄), the adsorption rate equation becomes 
 𝜕𝑄
𝜕𝑡
= 𝑘𝑎𝑐(𝑄𝑚𝑎𝑥 − 𝑄) − 𝑘𝑑𝑄 (4.5) 
Note that it reduces to the basic Langmuir adsorption model employed in Section 4.2 and 
it is independent of the particle size. 
4.2.4.2 Proposed Adsorption Model with Bi-directional Diffusion 
In a simple open tube, the velocity of the solute in a mobile phase follows a parabolic 
flow profile, also known as laminar flow, as depicted in Figure 4.8 [232, 253]. The 
velocity at any location on the cross section of the tube varies according to its relative 
distance from the centre. Theoretically, molecules at the walls do not move and those at 
the centre of the column move at twice the average velocity of all the molecules. The flow 
profile creates a concentration gradient in the direction of the radius of the column, so the 
solute molecules diffuse from the centre to the walls (Figure 4.9). After the solute plug 
during the washing phase, the solute concentration is higher near the walls and zero in the 
centre of the column. The solute molecules diffuse in the reverse direction from the walls 
to the centre. 
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Figure 4.8 Depiction of the parabolic flow profile assuming at this point that there is no mechanism for 
combating the spread of molecules). Adapted from [253]. 
 
 
Figure 4.9 Depiction of radial diffusion in response to concentration gradients caused by parabolic flow. 
X = solute molecules. Note that in (a), on the far-right side, the solute concentration is high in the centre 
of the column and zero at the walls. Conversely, on the far-left side, the solute concentration is high near 
the walls and zero in the centre of the column. In both cases, a radial concentration gradient exists. In (b), 
radial diffusion acts to decrease these concentration gradients. Adapted from [253] 
In a column with a packed bed of particles, the flow profile is more complicated due to 
the presence of the particles. The mobile phase travels faster in some paths and slower in 
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the others in a turbulent flow depending on the packing density of the particles at various 
regions. The solutes undergo eddy diffusion under such circumstances. Details are 
discussed elsewhere [253]. 
 
Figure 4.10 Velocities of the mobile phase vary in different regions in a column packed with particles 
(grey dots). The different thicknesses of the arrows represent the differing velocities. The size of the 
particles is greatly exaggerated. Adapted from [253] 
Reynold’s number can be used to characterise the type of flow in any column with a 
packed bed and it is given by three forms [254]: 
 
𝑅𝑒 =
𝜌𝑣𝑑𝑝
𝜇
 (4.6) 
 
𝑅𝑒 =
𝜌𝑣𝑑𝑝
𝜇𝜀
 
(4.7) 
 
𝑅𝑒 =
𝜌𝑣𝑑𝑝
𝜇(1 − 𝜀)
 
(4.8) 
where 𝜌 is the density of the mobile phase, 𝑣 is the superficial velocity of the mobile 
phase, 𝑑𝑝 is the diameter of the particles, 𝜀 is the voidage and 𝜇 is the dynamic viscosity 
of the mobile phase. Fully laminar flow has a 𝑅𝑒 up to 10 and fully turbulent flow’s onset 
is 𝑅𝑒 = 2000, and any number between those thresholds indicates that the system has a 
combination of laminar and turbulent flow [255]. The choice of formula has not been 
totally consistent in the literature, but eq. (4.7) is generally associated with fixed beds and 
eq. (4.8) with fluidised beds. Eq. (4.6) has been used for either type [254]. Reynold’s 
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numbers based on all three formulas have been calculated and tabulated in Table 4.3 
together with all the parameters used in the calculation. 
Table 4.3 Parameters used in the calculation of Reynold’s number. 
Parameter Nomenclature Value and unit Reference 
PBS buffer solution density 𝜌 1.006 g/ml Sigma-Aldrich 
Superficial velocity 𝑣 2.2 mm/s Section 4.2.2 
Particle diameter 𝑑𝑝 15 μm Fluka 
Dynamic viscosity  𝜇 1.02 mPa·s [256] 
Voidage 𝜀 0.40 [249] 
Reynold’s number 𝑅𝑒 0.03 Eq. (4.6) 
Reynold’s number 𝑅𝑒 0.08 Eq. (4.7) 
Reynold’s number 𝑅𝑒 0.05 Eq. (4.8) 
 
 
The Reynold’s number is below 10 regardless of the method of calculation. The column is 
therefore in a laminar flow profile. A laminar flow profile means the velocity at the walls 
of the column (the sensor surface) is close to zero. Although the column is in continuous 
flow mode, the surface of the sensor is close to a stopped state. The surface scenario 
resembles a stop flow configuration and the kinetics should follow the mass-transport-
corrected Langmuir adsorption model. 
When the sample flows in the column, the mass transfer rate from the centre of the 
column to the particle at the sensor surface can be approximated by the same two-
compartment model given by eq. (2.8), When the column is being flushed by PBS buffer 
solution, the concentration of analyte in bulk tends to zero. Substituting 𝑐0 = 0 into eq. 
(2.8), the mass transport becomes: 
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 𝑑𝑐𝑠
𝑑𝑡
= 𝑘𝑡𝑟(0 − 𝑐𝑠) −
𝑑𝑄
𝑑𝑡
= −𝑘𝑡𝑟𝑐𝑠 −
𝑑𝑄
𝑑𝑡
 (4.9) 
 𝑑𝑐𝑠
𝑑𝑡
= 𝑘𝑡𝑟
′ 𝑐𝑠 −
𝑑𝑄
𝑑𝑡
 (4.10) 
where 𝑘𝑡𝑟
′  is the mass transfer rate constant from the surface of the sensor to the centre of 
the column during the wash phase. The mass transfer is reversed. 
Peter Schuck et al. predicted this retention effect, but it was under the consideration of 
only the SPR biosensor surface [257]. The retention effect typically caused a small 
deviation from the rapid mixing model, but never so prominent such that it caused 
continual analyte binding in a particle bed modified setting. 
4.2.4.3 Kinetic Behaviour of Non-adsorbing Species 
For unbound molecules, the mass transport rate during the washing step is reduced to: 
 𝑑𝑐𝑠
𝑑𝑡
= 𝑘𝑡𝑟
′ 𝑐𝑠 (4.11) 
Solving for 𝑐𝑠 using the initial condition 𝑐𝑠 =
∆𝑃
𝑆
 when 𝑡 = 0, we have 
 
𝑐𝑠 =
∆𝑃
𝑆
𝑒−𝑘𝑡𝑟
′ 𝑡 (4.12) 
where ∆𝑃 is the change in the optical output and 𝑆 is the sensitivity. The exponential 
decay in the concentration of the unbound molecules is reflected as an exponential 
decrease in the sensorgram instead of a sharp drop typically observed in a traditional SPR 
biosensor. The bi-directional diffusion model correctly predicts the lingering phenomenon 
of the StabilCoat blocking discovered in Section 4.2.1. 
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4.2.4.4 Kinetic Behaviour of Adsorbing Species 
An adsorbing species has a more complicated kinetic behaviour. Figure 4.11 shows the 
sensorgram in Figure 4.5 fitted with the Langmuir model with bi-directional mass 
transport using MATLAB. During the time when the sample was flowing in the column, 
the mass transport was in the direction from the centre of the column to the sensor 
surface. While in the wash phase, the mass transport was in the reverse direction from the 
sensor surface to the centre.  
 
Figure 4.11 Sensorgram showing the detection of 200 µg/ml anti-Rabbit IgG in a column fitted with the 
bi-directional mass transport model. The insert is the filtered sensorgram during the injection of the 
sample and the subsequent washing phase. 
The binding between the Rabbit IgG and anti-Rabbit IgG during the flow of the sample 
shows comparable association rate constant, dissociation rate constant and affinity 
constant with the results obtained in Section 3.2.7.1. The outward rate of mass transfer 𝑘𝑡𝑟 
from the centre, however, is an order of magnitude higher than that obtained in a stop-
flow experiment. The higher rate of mass transport is expected as this is not a true stop-
flow configuration and any flow will result in a higher rate of mass transport. 
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When PBS buffer solution flowed in the column, the fitted association rate and 
dissociation rates do not change much from the previous binding phase. However, the rate 
of mass transfer was slower. This phenomenon will be discussed in Section 4.2.4.5. 
Selected fitted parameters for the binding data of analyte concentrations ranging from 50 
µg/ml to 300 µg/ml are tabulated in Table 4.4. The affinity constants obtained are of the 
same order but slightly higher than those obtained in Section 3.2.7. The outward mass 
transfer rates are relatively stable while the inward rates decrease with an increase of the 
analyte concentration. 
Table 4.4 Fitted parameters using the Langmuir adsorption model with bi-directional mass transport for 
various analyte concentrations.  
Analyte 
Concentration 𝒄𝟎 
(µg/ml) 
Affinity 
Constant 𝑲𝒂 
(× 𝟏𝟎𝟕 s-1) 
Outward Mass 
transfer Rate 
Constant 𝒌𝒕𝒓 (×
𝟏𝟎−𝟒 M-1s-1) 
Inward Mass 
transfer Rate 
Constant 𝒌𝒕𝒓
′  (×
𝟏𝟎−𝟓 M-1s-1) 
50 9.84 9.73 20.1 
100 9.13 9.46 8.43 
150 9.74 9.51 2.07 
200 9.93 9.06 0.993 
300 10.1 9.54 0.423 
 
 
4.2.4.5 Asymmetric Mass Transport Mechanism 
The reason for the discrepancy between the inward and outward diffusion must be 
considered under the context that the outward radial diffusion happened after the affinity 
column has been in contact with the analyte. During the time when the sample was in the 
column, binding started and by the time that the column was flushed with the PBS buffer 
solution, some of the biorecognition sites on the particles all over the column had 
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captured analyte molecules. Comparing the same section of the column during the 
outward and inward diffusion processes in a model as depicted in Figure 4.12, we can see 
that the paths are more crowded by all those captured analyte molecules in the washing 
phase. The packed silica gel particles can be considered as a porous bed. As the 
biorecognition sites capture the analyte molecules, the physical presence of the analyte 
molecules results in an equivalent decrease of the pore size. Since diffusion is restricted 
with the decrease of pore size [219], the rate of inward radial diffusion is smaller than the 
outward rate. The analyte molecules therefore were observed to linger around in the 
washing phase resulting in continual binding to the biorecognition sites on the sensor 
surface. 
 
Figure 4.12 Depiction of the particles and biorecognition sites before and after analyte binding. 
Since the inward mass transfer rate depends on the amount of captured analyte, we see 
that it negatively correlates to the analyte concentrations in the sample. The outward rate, 
on the other hand, depends only on the packing of the particles and the geometry of the 
column. Therefore, it stays relatively unchanged for any analyte concentration. 
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4.3 Summary 
In this chapter, particle modification of an SPR biosensor was extended to an affinity 
chromatography column with an integrated SPR biosensor. Silica gel particles were 
immobilised with biorecognition ligands using carbodiimide coupling. A loading capacity 
of 14 µg/mg on the silica gel particles was achieved. 
The column-modified SPR biosensor was used to detect IgG and anti-IgG interaction. The 
new configuration exhibited slightly higher sensitivity than the two particle-modified SPR 
biosensor discussed in Chapter 3 probably due to the packing of the silica gel particles 
having a better coverage of the sensor surface.  
Despite the similarity in the sensitivity, the column-modified SPR sensorgram revealed 
several differences. Firstly, the sensorgram exhibited a periodical noise that could be 
reduced in post processing employing a band-stop filter tuned to the characteristic 
frequency. Secondly, unbound StabilCoat proteins were not immediately washed away 
but followed an exponential decay. Thirdly, flushing by the PBS buffer solution did not 
induce an apparent dissociation of the analyte as expected. Instead, the signal kept 
increasing during the washing phase. A Langmuir adsorption model with bi-directional 
radial diffusion was proposed to explain the latter two observations. As the flow in the 
column was largely laminar, the surface of the sensor experienced a near stop-flow 
environment. Both transport to and from the sensor surface were diffusion limited 
resulting in a lingering effect of the free molecules in the column. The outward radial 
diffusion rate was higher than that in a true stop flow configuration. And the inward radial 
diffusion was found to be two orders of magnitudes slower due to the asymmetric particle 
bed environment before and after binding. 
Overall, a particle column with an integrated spectral SPR biosensor was studied for its 
sensitivity towards an antigen and antibody interaction and the binding kinetic behaviour 
within the column. A bi-directional mass transport model was proposed to explain the 
newly discovered sensing behaviour. This has implications in terms of development of an 
‘on-ship’ SPR chromatography system, which would be an obvious extension of the 
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particle column SPR. In the next Chapter, the sensor assembly is configured to have SPR 
imaging capability and the sensing capability is investigated with an extra dimension 
along the length of the channel revealing how these mass transport effects complicate 
multicomponent affinity adsorption. 
 
 Chapter 5 Column-modified SPR Imaging 
Biosensor 
5.1 Introduction 
The spectral SPR spectroscopy in the previous chapters provides binding information 
upon the assumption that the surface within the interrogation zone can be averaged to 
approximate a homogenous surface, i.e. the binding density is the same at different places 
in the interrogation zone. In traditional SPR biosensing, that assumption is mostly valid 
since the sensor surface is treated indiscriminately in both the ligand immobilisation step 
and the analyte binding step. However, spatial variations must be considered in the 
column-modified biosensors and it was clear from the modelling of the column in the 
previous chapter that the ‘average’ in the evanescent field was made up of particles very 
close to the gold surface and particles at different distances but still having a part in the 
evanescent field. Furthermore, the particles are polydisperse, so the packing may not be 
uniform. The analyte in the packed particle bed may form a band in the column if the 
amount is limited as typically seen in affinity chromatography, but as seen in the previous 
chapter, the SPR mainly interrogates the stagnant layer at the surface of the gold film and 
not the core; this does not include the band front. The complexity of the fluid dynamics in 
this measurement system and possibly lack of lateral resolution in the spectroscopy 
technique may lead to measurement errors. According to Section 2.4.3, the lateral 
interrogation area is approximately 1 mm2. That is massive when compared to the 
diameters of the particles and the sizes of the biomolecules. The spectroscopy technique 
averages all the binding information across the entire area thus neglecting information on 
a spatial scale. To obtain a lateral resolution on the column, 1-dimentional SPR imaging 
was used to explore the limitations of using SPR to follow binding in affinity 
chromatography (Figure 5.1). 
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In principle, the lateral resolution enabled by the SPR imaging technique allows the 
possibility for detecting multiple analytes along the same channel, but the complexity of 
the fluid dynamics and inhomogeneous particle packing and distance from the gold 
surface along the column are likely to limit the resolution of the technique. This chapter 
explores the idea by placing particles with different affinities within the column and 
evaluates the effectiveness of multiplexing in such configuration. 
 
Figure 5.1 Schematic diagram of (A) spectral SPR and (B) 1-D SPR imaging showing the different data 
readout. 
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5.2 Results and Discussion 
5.2.1 Spectroscopy-equivalent Analysis for Samples in Excess 
5.2.1.1 Response at the Area Equivalent to the Interrogation Zone 
in Spectroscopy 
To provide lateral resolution to the results in Chapter 4, the experiments were repeated 
using 1-D SPR imaging under the same conditions. Figure 5.2A shows the intensity 
profile for the detection of 500 μl of Rabbit IgG (100 μg/ml) in an area equivalent to the 
interrogation zone (1 mm at the centre of the column) in the SPR spectroscopy. The 
intensity profile shows a noticeable increase at the start of the experiment when 
StabilCoat was in the column. This is attributed to the higher refractive index of the 
StabilCoat than the buffer solution which was previously in the column. The simultaneous 
onset of the increase across the entire column suggests that the StabilCoat reached the end 
of the particle bed quickly in the direction of the flow. Once the column was flushed with 
PBS buffer solution, the intensity dropped. It increased again when the analyte in the 
sample bound to the ligands in the evanescent filed of the biosensor. 
Figure 5.2B and Figure 5.2C show the fluctuation of the intensity across the area at the 
binding equilibrium and the StabilCoat saturation respectively. The fluctuations in the 
intensity plots are possibly attributable to the laser speckles discussed in Section 2.6.5 and 
the particle packing profile in the evanescent filed discussed in Section 0. If the absolute 
laser intensity at a spot is lower, the relative change due to refractive index change in the 
medium must also be lower. This phenomenon is supported by the several simultaneous 
dips in both the intensity plots. Despite the laser speckles, the intensity profile confirms 
the detection of the anti-IgG in the area equivalent to the interrogation zone.  
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Figure 5.2 (A) Intensity profile at the area equivalent to the interrogation zone in the SPR spectroscopy. 
(B) Intensity plot across the zone at the binding equilibrium (3305 s). (C) Intensity plot across the zone at 
the StabilCoat saturation (290 s). 
5.2.1.2 Sensitivity and Binding Kinetics 
The sensorgram extracted and averaged from an area equivalent to the interrogation zone 
in the SPR spectroscopy is shown in Figure 5.3A and the binding data points are extracted 
and fitted to the bi-directional mass transfer model in Figure 5.3B. Similar traits to the 
previous spectroscopic sensorgrams can be observed here including: 1) the exponential 
decay due to StabilCoat escaping from the column in the first washing phase as the 
kinetics was governed by inward radial diffusion, 2) the immediate binding/mass 
transport of the analyte molecules when the sample was flowing in the column and 3) the 
continual analyte binding when the column is washed with PBS buffer solution again and 
the kinetics follow the model well. 
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Figure 5.3 (A) Sensorgram averaging at the area equivalent to interrogation zone in the SPR 
spectroscopy. (B) Data points during the IgG/anti-IgG binding fitted to the bi-directional mass transfer 
model. 
Figure 5.4 shows all the normalised intensities at equilibrium for the detection of 500 μl 
samples containing various concentrations of Rabbit IgG. The sensitivity is 3.67 × 104 
A.U./M. Using the bulk sensitivity from Section 2.6.6, the sensitivity can be translated to 
2.81 × 103 RIU/M. This is close to the result (2.73 × 103 RIU/M) obtained using the 
spectroscopy technique in Section 4.2.3. 
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Figure 5.4 Normalised signal against the analyte concentration for the detection of 500 μl samples. 
Table 5.1 shows the average parameters used to fit the binding data points to the bi-
directional diffusion model at various concentrations. The parameters are close to those 
obtained using spectroscopy in Section 4.2.4.4. 
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Table 5.1 Fitted parameters using the Langmuir adsorption model with bi-directional mass transport for 
various analyte concentrations. 
Analyte 
Concentration 𝒄𝟎 
(µg/ml) 
Affinity 
Constant 𝑲𝒂 
(× 𝟏𝟎𝟕 s-1) 
Outward Mass 
transfer Rate 
Constant 𝒌𝒕𝒓 (×
𝟏𝟎−𝟒 M-1s-1) 
Inward Mass 
transfer Rate 
Constant 𝒌𝒕𝒓
′  (×
𝟏𝟎−𝟓 M-1s-1) 
100 9.08 10.2 9.24 
150 9.78 9.72 2.53 
200 9.38 9.96 1.24 
250 9.62 10.3 0.768 
300 10.1 9.44 0.389 
 
 
5.2.2 Band Analysis for Limited Amount of Sample 
5.2.2.1 Appearance of the Signal Band 
When the amount of sample is limited, the SPR imaging technique reveals the band 
formation as predicted. Figure 5.5A shows the intensity profile obtained when detecting 
200 µl anti-Rabbit IgG sample at a concentration of 100 µg/ml. The band appeared near 
the upstream of the column after the injection of the sample and it continued to increase in 
intensity in the flushing phase. Figure 5.5B and Figure 5.5C show the intensity plots taken 
at the binding equilibrium and the StabilCoat saturation respectively. Besides the 
fluctuations caused by the laser speckles and particle profile in the evanescent field that 
appear in both plots, the intensity increase due to the IgG/anti-IgG binding at the band 
area is clearly visible on the right-hand side of Figure 5.5B. This differs from the previous 
results where the signal appeared across the entire column when the sample was in excess. 
The limited quantity of analyte when captured by the ligands on the particles were only 
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able to saturate a small length on the column. As a result, a signal band appeared in the 
intensity profile. 
 
Figure 5.5 (A) Intensity profile against time (zoomed in to the length of the column. (B) Intensity plot cut 
across the column at the binding equilibrium (3400 s). (C) Intensity plot cut across the column at the 
StabilCoat saturation (350 s). 
If this experiment was hypothetically observed using the spectroscopy where the 
interrogation area was only at the centre of the column downstream of the binding band, it 
would give a sensorgram analogous to Figure 5.6A, where the anti-IgG that is washed out 
of the initial binding with PBS is able to bind in downstream IgG sites. However, the 
initial binding signal appeared at the band area on the right in Figure 5.5A, and Figure 
5.6B shows the sensorgram at this area. Comparing the two sensorgrams, it can be seen 
that both give similar response for the blocking phase but only the sensorgram at the band 
gives the full initial signal due to binding. The signal obtained from the centre of the 
column shows a lower signal due to the analyte that has been eluted downstream with the 
PBS and is captured by further IgG sites on the particles. 
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Figure 5.6 Sensorgrams obtained by averaging the intensity at (A) the area equivalent to the interrogation 
zone in the spectroscopy, and (B) the band. 
At first sight, this seems to be quite a powerful analysis, which allows the elution and 
rebinding to be studied as well as the initial binding challenge. However, the location that 
the initial band appeared in each experiment was very inconsistent. Figure 5.7 shows 3 
repeat experiments detecting 100 μg/ml anti-Rabbit IgG samples. The band appeared in at 
a different location each time. One possible explanation is the non-uniform packing 
density across the length of the column. Since the particles are polydisperse and the 
column is in constant flow, the packing density was not uniform across the entire column 
especially at the surface of the sensor. Only the area with the highest packing density 
close to the gold surface is detected when it captures the majority of the analyte due to a 
combined effect of higher ligand density and smaller voidage in the evanescent field. 
Besides the band, the other parts of the particle bed only capture the eluted analyte which 
gives different information resulting in a much lower signal. 
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Figure 5.7 Intensity profiles showing three experiments detecting 200 μl samples containing 100 μg/ml 
anti-Rabbit IgG. 
5.2.2.2 Sensitivity and Binding Kinetics 
Anti-Rabbit IgG samples of various volume and concentrations were tested and the 
responses at the band were recorded and plotted.  
Figure 5.8 shows the relationship between the analyte concentration in the sample and the 
intensity change. There is a positive correlation between the analyte concentration and the 
intensity change, but the linearity is visibly worse than the calibration curve obtained in 
Section 5.2.1.2 where the samples were in excess. The apparent sensitivity is 1.86 × 104 
A.U./M. Using the bulk sensitivity from Section 2.6.6, the sensitivity can be translated to 
1.42 × 103 RIU/M. This is about half of the sensitivity measured in Section 5.2.1.2 and in 
the previous chapters. This could be attributed to the bands not capturing all the analyte in 
each experiment. 
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Figure 5.8 Normalised intensity change at the binding equilibrium when 200 µl anti-Rabbit IgG samples 
of various concentrations were injected in the column. 
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Figure 5.9 Normalised intensity change at the binding equilibrium when various volume of anti-Rabbit 
IgG samples of the same concentration (100µg/ml) were injected in the column. 
Figure 5.9 shows the relationship between the analyte volume and the intensity change at 
the band. Since the column concentrated the analyte at the band, higher sample volume 
contained more analyte at the same concentration thereby causing a higher intensity 
change. Figure 5.10 shows a combined graph correlating the amount of the analyte and 
the intensity change at the band. The intensity change follows a positive correlation with 
the amount of the analyte in general. In a traditional SPR biosensor, only the surface of 
the sensor can capture the analyte molecules. The sensor usually does not deplete all the 
analyte molecules in the sample when a sample passes over the sensor surface. Therefore, 
the response correlates to the concentration only. Higher sample volume means more 
analyte eluted and wasted. In a column-modified sensor, however, the vast number of 
ligands on the particle bed means a high capacity of analyte molecules. A small sample 
volume otherwise sufficient will result in a signal band. 
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Figure 5.10 Normalised intensity change against the amount of anti-Rabbit IgG injected in the column. 
Although the signal band does not reflect the analyte concentration reliably, it has value in 
elucidating the binding kinetic behaviour. Figure 5.11 shows the sensorgram at the band 
discussed in Section 5.2.2.1 fitted with the bi-directional mass transport model proposed 
in Section 4.2.4. 
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Figure 5.11 Sensorgram extracted from the band showing the detection of 200 μl anti-Rabbit IgG (100 
µg/ml ) in a column fitted with the bi-directional mass transport model. The insert is the filtered 
sensorgram during the flow of the sample and the subsequent washing phase. 
The model fits reasonably well with expected association rate constant for both the 
outward and the inward radial mass transport duration, comparable to those obtained in 
the previous sections. The affinity constant, however, is approximately twice of that 
obtained in Section 4.2.4.4 due to the smaller dissociation rate constant. The mass transfer 
rate in both directions are about half the value obtained in Section 4.2.4.4. Some selected 
fitting parameters of the binding data for analyte concentrations ranging from 50 µg/ml to 
300 µg/ml in samples of 200 µl are tabulated in Table 5.2.  
The area where the band occurs should have a better particle packing density than the rest 
of the column as speculated in Section 5.2.2.1. This leads to the higher apparent affinity 
constant when compared to the previous results where the interrogation zone was fixed at 
the centre of the column. A higher packing density is also equivalent to having smaller 
pores therefore allowing a lower rate of mass transfer in both the outward and inward 
directions. 
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Table 5.2 Fitted parameters using Langmuir adsorption model with bi-directional mass transport for 
various analyte concentrations. 
Analyte 
Concentration 𝒄𝟎 
(µg/ml) 
Affinity Constant 
𝑲𝒂 (× 𝟏𝟎
𝟖 s-1) 
Outward Mass 
transfer Rate 
Constant 𝒌𝒕𝒓 (×
𝟏𝟎−𝟒 M-1s-1) 
Inward Mass 
transfer Rate 
Constant 𝒌𝒕𝒓
′  (×
𝟏𝟎−𝟓 M-1s-1) 
50 2.03 6.26 8.22 
100 1.93 4.44 4.30 
150 2.14 3.87 1.53 
200 1.84 4.21 0.416 
250 2.89 5.78 0.321 
300 1.98 4.23 0.192 
 
 
5.2.3 Qualitative Differential Sensing 
Multiplexing on a SPR biosensor is highly sought after in the literature. Many of them 
employs parallel channels and spectroscopy [29, 258 – 260], or patterned gold film grid 
with SPR imaging [261 – 263]. The former methodology has a simpler immobilisation 
method as each channel only needs to be functionalised with one biorecognition element. 
It is analogous to doing multiple traditional single channel SPR biosensing at the same 
time. However, it often requires a more sophisticated design of the fluidics and the optical 
detection system. The latter method where one channel/flow cell is used is comparatively 
simple in the fluidics and the optics design, but the immobilisation of the biorecognition 
on each patterned element is more complicated. Different biorecognition elements or 
various concentrations of the same biorecognition element need to be precisely 
immobilised at the designated areas. This often involves repetition of multiple steps of 
pipetting and washing that requires expensive expertise. 
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Particle-modified SPR biosensors as discussed in this thesis could have an advantage over 
traditional method in that the immobilisation of the biorecognition procedure is drastically 
simplified to a one-step injection of particles with a desired ligand. On the other hand, as 
has been established in previous sections, the interrogation is confined to the evanescent 
field where the signal is susceptible to the particle density and profile in the field and not 
fully representative of the core of the column. To explore the limitations of multiplexing 
on a column-like SPR biosensor, a two-part model was tested. Particles with Rabbit-IgG 
immobilised was first packed in the channel followed by the particles with Mouse-IgG 
immobilised. With the two distinct biorecognition elements at different locations in the 
channel, the SPR sensor were separated into two zones sensitive towards two monoclonal 
antibodies respectively as illustrated in Figure 5.12. 
 
Figure 5.12 Illustration of two particle zones in the column. The red particles are sensitive to anti-Mouse 
IgG and the green ones are sensitive to anti-Rabbit IgG. The diagram is not drawn to scale. 
The intensity profile is shown in Figure 5.13 when the samples containing the 
corresponding analytes were injected in the same order as the particles. Upon visual 
inspection, the separation between the zones is clearly seen here as the zone that is 
sensitive to anti-rabbit IgG showed a signal first and the other that is sensitive to anti-
Mouse IgG showed a visible signal after. 
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Figure 5.13 Intensity profile for samples injected in the same order as the corresponding particles. 1 ml of 
StabilCoat blocking mix was injected shortly after the start of the recording. 200 µl of anti-Rabbit IgG 
(200 µg/ml) was injected at approx. 3000s and 200 µl of anti-Mouse IgG (200µg/ml) was injected at 
approx. 5000s. PBS buffer solution was used to wash away any unbound molecules in between those 
injections. 
Figure 5.14 shows the sensorgram at the bands in the two zones respectively (locations 
indicated by the red dash lines). We can see the difference in the behaviour of the two 
analytes in the two zones. Some cross reactivity might be anticipated and indeed, both 
zones showed a small sensitivity towards the other analyte. The reason for this cross 
sensitivity is a combined result of the following two processes: (i) cross reactivity 
between the different anti-IgG – IgG pairs or (ii) the serial particle packing process. 
150  
 
 
Figure 5.14 Sensorgrams taken at the (A) Rabbit-IgG particle zone, and (B) Mouse-IgG zone for samples 
injected in the same order as the particles.  
In the process of packing the Rabbit-IgG immobilised particles first, some of these Rabbit 
IgG particles could stick to the upstream of the column where the other zone should be. 
The number of these stray particles may be small but as seen in previous sections, IgG 
modified silica has an affinity for gold. This process renders the part of sensor that would 
be only sensitive to anti-Mouse IgG slightly sensitive to anti-Rabbit IgG as well. On the 
other hand, in the process of packing the particles with Mouse-IgG immobilised, the 
dilute slurry method allows the particles to be retained in place. Any excess supernatant 
solution is pushed out of the column. 
Table 5.3 Normalised maximum signal at time of equilibrium for similar injection sequence. 
 Rabbit IgG Mouse IgG Ratio 
Anti-Rabbit IgG 0.0571 0.0418 1.37 
Anti-Mouse IgG 0.0214 0.0959 0.223 
 
 
The intensity change at each zone for each analyte is tabulated in Table 5.3. We can see 
that regardless of the order of injection, the additional cross sensitivity at each zone is 
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smaller than the direct specific pair sensitivity. For example, the signal for sensing anti-
Rabbit IgG at the zone with Rabbit IgG as biorecognition ligands is greater than that at 
the zone with Mouse IgG. The ratio between the zones is greater than 1 for anti-Rabbit 
IgG. On the other hand, when anti-Mouse IgG is detected the ration is smaller than 1. By 
taking the ratio between the responses, the double-zone column-like SPR biosensor is able 
to distinguish between anti-Rabbit IgG and anti-Mouse IgG. 
Figure 5.15 shows the intensity profile of the test for a column where the order of the 
zones was reversed. The samples were injected in the same order as before. The 
sensorgrams (Figure 5.16) taken at the bands in the left and right zones respectively show 
similar behaviour of cross-sensitivity. 
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Figure 5.15 (A) Illustration of the particle configuration. Diagram not drawn to scale.  (B) Differential 
intensity profile of the column. 
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Figure 5.16 Sensorgrams taken at the (A) Mouse-IgG particle zone, and (B) Rabbit-IgG zone for samples 
injected in the reverse order as the particles. Visible disruption happened at approx. 4700s where the 
image was shifted due to impact. 
Blocking of the entire sensor surface prior to the injection of the particle slurry was 
attempted to reduce the cross sensitivity, but the column-like sensor did not show any 
sensitivity towards any analyte at any zone. 
The intensity change at each zone for each analyte is tabulated in Table 5.4. The intended 
sensitivity is higher than the cross sensitivity as expected. Therefore, the sensitivity ratio 
can qualitatively distinguish the analyte species regardless of the injection order. 
Table 5.4 Normalised maximum signal at time of equilibrium for reverse injection sequence. 
 Rabbit IgG Mouse IgG Ratio 
Anti-Rabbit IgG 0.0640 0.0240 2.67 
Anto-Mouse IgG 0.0400 0.0720 0.556 
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5.3 Summary 
This chapter further investigated the column-like SPR biosensor using the 1-dimensional 
laser line SPR imaging technique.  
When the sample was in excess, the analyte saturated the entire column. The intensity of 
the reflected laser increased across the entire column showing the irregular particle profile 
in the evanescent field overlaid with noises due to the laser speckles. Sensorgrams taken 
at the centre of the column where the interrogation zone was in the spectroscopy 
technique showed similar bio-sensitivity and binding kinetics to the previous results in 
Chapter 4. 
When the quantity of sample added to the column was unable to saturate the column, a 
band would be identifiable showing the sample response. However, signal bands were 
formed in the intensity profiles at seemingly random locations. The sensitivity data 
obtained from the signal bands showed positive correlation with the analyte 
concentration, but the linearity was worse than previous results obtained with excess 
samples. The signal correlated with the amount of the analyte rather than the 
concentration alone, probably because the particle bed depletes the sample when its 
quantity was limited and so the column does not reach overall equilibrium with the 
sample. The binding kinetics extracted from the data at the bands did not fit the model 
developed in Chapter 4 as well but suggested a higher affinity and a lower mass transport 
possibly as a result of the sample depletion from the carrier solution. Some future work is 
needed to further develop the model for these limited analyte volume cases. 
The lateral resolution enabled by the SPR imaging technique was also employed to 
identify the analyte species qualitatively. Two zones of particles with different affinity 
were studied as a model system. Each zone had some cross sensitivity towards the other 
analyte (as might be expected), which may have been increase due to the method of serial 
packing. However, the cross sensitivity is smaller than the true complementary-pair-
sensitivity regardless of the order of the packing procedure. A ratiometric analysis on the 
sensitivities was able to distinguish the species of the analyte. 
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Overall however, this multicomponent, limited sample volume experiment pushes the 
SPR detection in the evanescent field to the limit. Issues with particle packing 
inhomogeneities on the nanometre scale, which are unimportant in a classical SPR system 
that interrogates an area of circa 1 mm2, cause significant irreproducibility in the signal 
intensity and spatial resolution. More work is required to further develop the kinetic 
model of analyte binding kinetics with mass transport effects for this scenario, but the 
question also has to be asked whether the resolution and evanescent field information 
obtained from a chromatography platform is sufficiently robust and informative for 
further work. 
 Chapter 6 Conclusions and Recommended 
Future Work 
6.1 Summary of Findings 
6.1.1 IgG Loading on Silica Particles 
Rabbit-IgG molecules were immobilised on both sub-micron silica particles made in-
house and commercial silica gel particles using carbodiimide covalent coupling. The 
immobilisation efficiency of covalent attachment was found to be generally better than 
physical adsorption. Best efficiency was achieved up to 200 μg/ml IgG concentration in 
the mix. The loading of IgG was determined to be 40 μg/mg on the sub-micron particles 
and 14 μg/mg on the silica gel particles. The particles with the immobilised IgG were 
used as the immobilisation matrix in the particle-modified SPR biosensor. 
6.1.2 Particle Coverage on A Gold Film 
Three methods of sensor surface modification were investigated in this thesis. The first 
two namely, thiol silane coupling and pressure-aided physical adsorption, were employed 
to form a sub-monolayer on the sensor surface. The thiol silane coupling approach 
covered approx. 38% of the sensor surface while the mechanically pressed approach 
covered approx. 33%. The third method namely, particle packing via slurry injection, was 
used to create a particle bed on the sensor. The system was essentially transformed to a 
chromatography column with an in situ SPR sensor. It was impractical to determine the 
surface coverage visually for this modification approach, but the polydispersity of the gel 
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particles was speculated to improve the packing density and resulted in a higher bio-
sensitivity. 
6.1.3 Bio-sensitivity of Particle-modified SPR Biosensor 
All the three types of particle-modified SPR biosensors exhibited sensitivity towards anti-
IgG with the column modification being the most sensitive. As the analyte bound to the 
ligands on the particles, it increased the average refractive index within the evanescent 
field of the sensor resulting in a red-shift of the attenuation peak in the ATR spectrum. 
Simulations showed that the sensitivity of the binding interaction decreased exponentially 
with the increase of the distance between the location where the interactions took place 
and the gold surface. The bio-sensitivity of the particle-modified sensor was lower when 
compared to that of traditional SPR biosensors using alkanethiolate SAM ligand 
immobilisation strategy. Equivalent refractive index analysis revealed that this was not a 
result of the sub-monolayer coverage of the particles. It was most likely to be due to the 
ligand density difference on the particles and on the SAM functionalised gold surface. 
6.1.4 Binding Kinetics in Particle-modified SPR Biosensor 
The two particle layer modification strategies resembled conventional matrix 
immobilisation strategy when considering the binding kinetics. Both strategies had the 
ligand molecules spaced out in a matrix of considerable thickness in the evanescent field 
between the sensor and the bulk sample. In a continuous flow configuration where the 
flow rate was high, the binding was found to be governed by the simple Langmuir 
adsorption model. In a stop flow configuration, however, the binding was heavily limited 
by the mass transport of the analyte from the bulk to the immobilisation matrix. The 
kinetic model must be modified with a two-compartment model that considered the mass 
transport. 
In the column-modified sensor, the mass transport limitation was most prominent. The 
particle bed and the laminar flow together caused retention of the biomolecules. Non-
binding biomolecules exhibited an exponential escape and binding biomolecules showed 
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continual binding at the surface of the sensor. The mass transport limitation had never 
been so significant in other SPR biosensor immobilisation strategies and this retention 
effect had never been reported to our best knowledge to cause continual binding at the 
sensor surface. A bi-directional diffusion model was proposed to describe the continual 
binding. The inward radial diffusion during the flushing phase was found to be smaller 
than the outward radial diffusion during the injection of the sample. This was likely to be 
explained by the molecular hindrance exerted by the bound analyte molecules. 
6.1.5 Importance of Lateral Resolution 
Unlike most of the SPR biosensors reported in the literature, the response on a column-
modified SPR biosensor was found to be ununiform unless the analyte saturated the 
column. When the quantity of the sample was limited, the 1-dimensional imaging result 
along the column showed a binding band. The refractive index changes at the band area 
due to binding correlated with the amount of the analyte. The position of the band was 
inconsistent and was likely due to the ununiform packing and the polydispersity of the 
particles. 
The lateral resolution along the column was also used to detect multiple analyte in the 
same assay. A ratiometric analysis at the two distinctive zones was able to reveal the 
species of the sample analyte qualitatively. 
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6.2 Limitations and Future Work 
6.2.1 Penetration Depth of the SPR Biosensor 
The simulation in Section 3.2.6 revealed that the sensitivity of the particle-modified SPR 
biosensor largely depends on the loading density of the ligand molecules on the particle 
carriers. Large dose of ligand molecules in the immobilisation could improve the density 
but the efficiency suffered as shown in Section 3.2.1 and Section 4.2.1. One of the 
prospective approaches to further improve the sensitivity involves extending the 
evanescent fiend further into the particle bed using long-range surface plasmons (LRSP). 
Various LRSP-based SPR biosensors have been reported to have a 2- to 5-fold 
improvement in sensitivity when sensing large bio-elements such as E.coli. [264 – 267]. 
The field of long-range surface plasmons extends much further from the sensing surface 
than that of conventional surface plasmons, this improvement can be fully harnessed by 
the packed particle bed in a column-modified SPR biosensor.  
6.2.2 Noise Reduction and the SPR Imaging Instrumentation 
Although the 1-dimensional SPR imaging technique enabled the possibility of providing 
lateral resolution on the column, the noise due to the laser speckles was large. It reduced 
the available sensitive area on a column that was already short. Spatial filter systems can 
be employed to alleviate the noise problem. In these systems, the laser beam is first 
transformed into a central gaussian spot and side fringes. The spot passes a pinhole and 
then transforms again to a parallel beam by another collimating lens. A spatial filter 
system adds considerable complexity and cost to the optical set-up and it defeats the 
purpose of developing towards cheap and portable SPR operation. Nonetheless, if the 
particle-modified SPR sensor is used in a chromatography setting that requires unlabelled 
visualisation of the bands, a clean signal is paramount, and the extra cost of the spatial 
filter may be justifiable. 
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6.2.3 Plasmonic and Other Functional Particles 
A silica particle bed is only the beginning in the development of particle-modified SPR 
biosensors. In this thesis, we only reported using silica particles as carriers for the ligands. 
Plasmonic materials and structures including Au-silica core-shell submicron particles, 
submicron silica particles with decorated Au nanoparticles, silica gel and Au nano-urchin 
particle mix and Au colloidosomes have been attempted with minimal success. In the 
attempts of the first three materials, the amount of the plasmonic materials in the gel 
particle bed were little compared to the silica and they were too thinly spread to couple 
the evanescent field further into the channel. In the last attempt, the amount of the Au 
colloidosomes were not enough to be packed into a bed in the column despite my 
collaborators best effort of producing them and they were too large to be immobilised as a 
layer on the gold surface in a vertical sensor configuration. Nonetheless, when large 
amount of plasmonic materials can be produced cheaply or the sensor is further 
miniaturised, particle-modified SPR biosensors have a promising potential. 
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6.3 Conclusion 
In this thesis, silica particle modification as a ligand immobilisation strategy was studied. 
The sensing and kinetic behaviour of the particle-modified SPR biosensors were 
investigated. 
IgG molecules were successfully immobilised on sub-micron silica particles. The silica 
particles were immobilised on a gold surface using chemical and physical means and 
formed a sub-monolayer structure. The particle-modified SPR sensor had similar 
sensitivity towards refractive index change in bulk when compared with an unmodified 
gold surface. The SPR biosensor with the IgG-functionalised silica particles were 
sensitive to anti-IgG samples but the sensitivity was lower than traditional biosensors with 
ligands immobilised by alkanethiolate SAMs. Simulations showed the difference was 
probably due to the ligand density difference on the silica particles and on the SAM. The 
binding kinetics followed the Langmuir adsorption model in the continuous flow 
configuration. In the stop-flow configuration, the binding was mass transport limited and 
followed the Langmuir model modified with two-compartment mass transport. 
The investigation was extended to a particle column modification. The ligand 
immobilisation step in the SPR biosensing operation was simplified to the packing of the 
IgG-functionalised silica gel into a column. The column-modified SPR biosensor 
exhibited similar bio-sensitivity as the previous two types but distinctive binding kinetics. 
Because of the retention of the biomolecules in the particle bed, the SPR biosensor limited 
the mass transport to an extent that it retained the analyte even after the sensor was 
flushed by a buffer solution. This retention enabled continual binding of the analyte in the 
flushing phase. 
The column-modified SPR biosensor was later investigated for its lateral resolution using 
a 1-dimensional SPR imaging system. When the sample saturated the column, the affinity 
results were comparable to the spectroscopy results in terms of both the bio-sensitivity 
and the kinetics. When the sample quantity was limited, signal bands appeared in the 
column. Therefore, spectroscopy result taken only at the centre of the column was no 
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longer reliably. The binding information extracted from the bands in the SPR imaging 
revealed that the sensor response correlated to the amount of the analyte. And the kinetics 
generally followed the Langmuir model with bi-directional mass transport with a higher 
apparent affinity constant but some tweaks to the model to reflect the sample volume 
limitation are needed in future work. The lateral resolution was also demonstrated to 
provide qualitative multiplexing if more than one type of functional silica gel particles 
were packed in the column. 
Overall, we demonstrated a novel ligand immobilisation strategy using silica particles and 
achieved a one-step, reagentless preparation of the SPR biosensor that has great potential 
in the simplification of SPR biosensing experiments by immobilising biorecognition 
elements ‘off-chip’. The column-modified SPR also has great potential in multiplexed 
sensing and chromatography techniques. 
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 Appendix A MATLAB Scripts 
A.1 MATLAB Functions 
In this thesis, a large portion of the data plotting, numerical analysis and model simulation is 
done using the MATLAB software (MathWorks). Besides the basic functions that are 
prevalently used to import and export data, reduce noise, and to generate plots, there are a 
few special functions used in this thesis that are relevant to understanding some of the plots 
and analysis. 
A.1.1 “surf” 
This function creates a three-dimensional surface plot often called a heatmap. It is used 
extensively in this work to visualise a dependent variable that depends on two independent 
variables. For instance, in the simulation of attenuated total reflection (ATR) in this chapter, 
the reflectance is plotted against the wavelength and the incident angle. In Chapter 1, the 
reflectance is plotted against displacement and time. The colours on the surface plots range 
from blue to red and are proportional to the intensity of the signal at that point on the surface 
plot. Figure 6.1 shows an illustration of a 256-colour colour bar. 
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Figure 6.1 A general colour bar showing the range of colours associated with the signal strength in a surface 
plot. A colour point that is more to the tight on the colour pallet signifies a higher value. 
A.1.2 “lsqcurvefit” 
This function does nonlinear curve-fitting by minimising the square of the errors. It finds 
coefficients x that solve the problem 
 𝐦𝐢𝐧
𝒙
‖𝑭(𝒙, 𝒙𝒅𝒂𝒕𝒂) − 𝒚𝒅𝒂𝒕𝒂‖𝟐
𝟐 = 𝐦𝐢𝐧
𝒙
∑(𝑭(𝒙, 𝒙𝒅𝒂𝒕𝒂𝒊) − 𝒚𝒅𝒂𝒕𝒂𝒊)
𝟐
𝒊
 (6.1) 
given input data xdata, and the observed output ydata. This MATLAB tool is extensively 
used when analysing the sensorgrams showing the adsorption kinetics. For many kinetic 
models mentioned in this thesis, the formulas can be manipulated such that a linear 
relationship is found between the derivatives of the parameter and the result. However, 
studies have shown that for intrinsically nonlinear adsorption processes, nonlinear least-
square fitting has smaller error than linear regression fitting method [268 – 270]. Moreover, 
some of the more complex models such as Langmuir model with mass transfer limitation do 
not have linear form. Therefore, all the data-fitting in this thesis is done by a nonlinear solver 
to provide better fidelity. 
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A.1.3 “butter” 
This function designs a Butterworth filter given the specified pass or stop frequencies. The 
filter design was first introduced by S. Butterworth [271]. In that paper, he showed that a 
low-pass filter can be achieved in the following frequency response 
 
𝐺(𝜔) =
1
√1 + 𝜔2𝑛
 (6.2) 
where the cut-off frequency is normalised to 1, 𝜔 is the angular frequency in radians per 
second and n is the number of poles in the filter. He has also showed the way that this low-
pass filter can be modified to become high-pass, band-pass and band-stop filters. In this 
thesis, the Butterworth filter is realised in MATLAB to filter out the periodical noise 
manifested in a sensorgram that is generated by the pulsation of the pump in the particle 
column. 
A.1.4 “ode45” 
ode45 is a function that integrates a system of differential equations. It is used throughout 
this thesis when integrating the ordinary differential equation systems that describe the 
binding kinetics. The function is designed to handle the following general problem: 
 𝑑𝑥1
𝑑𝑡
= 𝑓(𝑡, 𝑥1),    𝑥1(𝑡0) = 𝑥1|0, 
𝑑𝑥2
𝑑𝑡
= 𝑓(𝑡, 𝑥2),    𝑥2(𝑡0) = 𝑥2|0, 
⋮ 
𝑑𝑥𝑛
𝑑𝑡
= 𝑓(𝑡, 𝑥𝑛),    𝑥𝑛(𝑡0) = 𝑥𝑛|0, 
(6.3) 
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where 𝑡 is the independent variable, 𝑥𝑘 is a vector of dependent variables to be found and 
𝑓(𝑡, 𝑥𝑘) is a function of t and 𝑥𝑘. The mathematical problem is specified when the initial 
conditions, 𝑥𝑘 = 𝑥𝑘|0 at time 𝑡0 are given. 
The algorithm of this function is based on an explicit Runge-Kutta (4,5) formular, the 
Dormand-Prince pair [272, 273]. It is widely used today to solve and fit systems of ODEs to 
experimental data.  
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A.2 3-Layer SPR Simulation Model 
clear all; 
  
c=299792458; %Speed of light 
hbar=6.5822e-16; %Reduced Planck constant 
lambda=632.8e-9; %Wavelength of He-Ne Laser 
omega=2*pi/lambda*c; %Angular frequency of He-Ne Laser 
fukso=complex(0,1); %i 
  
thickness=50;%Thickness of Au film 
  
%Refractive index of Prism 
en(1)=1.51; %Real part 
ek(1)=0;    %Im part 
  
%Wavelength dependent RI of gold layer 
indexfilename='rakic.csv.txt'; 
eAu=csvread(indexfilename,36,0,[36,0,85,1]); 
eAu(:,3)=csvread(indexfilename,238,1,[238,1,287,1]); 
en(2)=1; %Real part initialiasation 
ek(2)=0; %Im part initialisation 
d(2)=thickness*1E-9; %Thickness (m) 
  
%Sensitive layer 
en(3)=1; %Real part 
ek(3)=0; %Im part 
d(3)=0; %thickness (m) 
  
%Substrate (water) 
en(4)=1.33; %Real part 
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ek(4)=0; %Im part 
  
%Angular range 
Angle_first=62; 
Angle_last=90; 
Theta_deg=(Angle_first:.1:Angle_last); 
Theta=Theta_deg/180*pi; 
  
%calculation of dielectric constant 
er=en(1)^2-ek(1)^2; 
ei=2*en(1)*ek(1); 
e(1)=complex(er,ei); 
  
er=en(2)^2-ek(2)^2; 
ei=2*en(2)*ek(2); 
e(2)=complex(er,ei); 
  
er=en(3)^2-ek(3)^2; 
ei=2*en(3)*ek(3); 
e(3)=complex(er,ei); 
  
er=en(4)^2-ek(4)^2; 
ei=2*en(4)*ek(4); 
e(4)=complex(er,ei); 
  
for jwl=1:50; 
    en(2)=eAu(jwl,2); 
    ek(2)=eAu(jwl,3); 
    er=en(2)^2-ek(2)^2; 
    ei=2*en(2)*ek(2); 
    e(2)=complex(er,ei); 
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    for jtheta=1:length(Theta); 
        theta=Theta(jtheta); 
        q1=sqrt(e(1)-en(1)^2*sin(theta)^2)/e(1); 
        qn=sqrt(e(end)-en(1)^2*sin(theta)^2)/e(end); 
        for j=2:(length(e)-1) 
            beta=d(j)*2*pi/lambda*sqrt(e(j)-
en(1)^2*sin(theta)^2); 
            q=sqrt(e(j)-en(1)^2*sin(theta)^2)/e(j); 
            em(j,1,1)=cos(beta); 
            em(j,1,2)=-fukso*sin(beta)/q; 
            em(j,2,1)=-fukso*sin(beta)*q; 
            em(j,2,2)=cos(beta); 
        end 
        emtot=[1 0; 
           0 1]; 
        for j=2:(length(e)-1) 
            emtot1(:,:)=em(j,:,:); 
            emtot=emtot*emtot1; 
        end 
  
        rp=((emtot(1,1)+emtot(1,2)*qn)*q1-
(emtot(2,1)+emtot(2,2)*qn))/... 
            
((emtot(1,1)+emtot(1,2)*qn)*q1+(emtot(2,1)+emtot(2,2)*qn)); 
        
tp=2*q1/((emtot(1,1)+emtot(1,2)*qn)*q1+(emtot(2,1)+emtot(2,2)*
qn)); 
        ref=rp*conj(rp); 
        tra=tp*conj(tp)/cos(theta)*en(1)*qn; 
        REF(jtheta,jwl)=ref; 
        TRA(jtheta,jwl)=tra; 
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    end 
end 
  
%Plot the heatmap 
clf 
figure(1) 
surf(eAu(:,1)*1000,Theta_deg,REF,'EdgeColor','None','facecolor
','interp') 
view(2); 
title(['Simple Au Film SPR Simulation 
(thinkness:',num2str(d(2)*1e9),'nm)'],'FontSize',14) 
xlabel('Wavelength(nm)','FontSize',14) 
ylabel('Incident Angle','FontSize',14) 
zlabel('Reflectance','FontSize',14) 
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A.3 Periodic Noise Reduction Script 
clear all; 
  
%Read data from file 
filename='test.txt'; 
W=readPeak(filename); 
  
%Data treatment if there are zero values 
for j = 2:length(W) 
    if W(j,1)==0 
        W(j,1)=W(j-1,1); 
    end 
end 
 
y=W(:,1); 
x=(0:0.25:(length(y)-1)/4); 
yy = smooth(W(:,1),0.01,'rloess'); %Preliminary data smoothing 
  
%Band-stop filter to eliminate pulsating signal 
fc_1 = 0.01; 
fc_2 = 0.1; 
fs = 4; 
[b,a] = butter(3,[fc_1/(fs/2) fc_2/(fs/2)],'stop'); 
yy = filtfilt(b,a,yy); 
  
%Plot sensorgram 
clf 
figure 
p = plot(x,y,x,yy,'r'); 
set(p,'LineWidth',2) 
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hold on 
set(gca, 'FontSize',16) 
xlabel('Time (s)') 
ylabel('Peak wavelength (nm)') 
legend('Raw signal', 'Filtered signal') 
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A.4 Nonlinear curve fitting to a system of ODEs  
clear all 
  
%Data points extracted from the sensorgram 
Data = ... 
  [0        0.0000 
   100      0.6351 
   200      1.2078 
   300      1.5176 
   400      1.7264 
   500      1.8773 
   600      1.9922 
   700      2.0873 
   800      2.1667 
   900      2.2312 
   1000     2.2820 
   1100     2.3310 
   1200     2.3713 
   1300     2.4146 
   1400     2.4539 
   1500     2.4845 
   1600     2.5042 
   1700     2.5320 
   1800     2.5550]; 
  
t = Data(:,1); 
y = Data(:,2); 
  
%Plot of the data points 
plot(t,y,'r^','MarkerSize',8) 
A-12 MATLAB Scripts 
 
  
c_A = 1.7857e-6; %Analyte concentration 
S = 5.55e6; %Observed sensitivity 
f_s = 1/S; %Sensitivity factor 
  
%Parameter initialisation 
k_ad = 5000; %Association rate 
Q_max = 3; %Max respons at equilibrium 
k_d = 5E-5; %Dissociation rate 
k_tr = 0.0001; %Mass transfer rate 
  
xt0 = zeros(1,4); 
xt0(1) = k_ad; 
xt0(2) = Q_max; 
xt0(3) = k_d; 
xt0(4) = k_tr; 
  
%Lower and upper boundary for the parameters 
lb = [0,0,0,0]; 
ub = [1e10,1e10,1e10,1e10]; 
  
%Nonlinear curve fitting using least mean square root 
[pbest,presnorm,~,exitflag,output] = 
lsqcurvefit(@paramfun,xt0,t,y,lb,ub); 
  
%Plot of the fitted model 
hold on 
plot(t,paramfun(pbest,t),'LineWidth',2); 
set(gca, 'FontSize',14) 
xlabel('Time (s)', 'FontSize',14) 
ylabel('Wavelength Shift (nm)', 'FontSize',14) 
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legend({'Experiment','Theory'}, 'Location', 'east') 
hold off 
  
%Differential equation system solver 
function pos=paramfun(x,t) 
  
k_ad = x(1); 
Q_max = x(2); 
k_d = x(3); 
k_tr = x(4); 
c_A = 1.7857e-6; 
S = 5.55e6; 
f_s = 1/S; 
  
f = @(t,xdata) [k_ad*xdata(2)*(Q_max-xdata(1))-k_d*xdata(1); 
k_tr*(c_A-xdata(2))-f_s*(k_ad*xdata(2)*(Q_max-xdata(1))-
k_d*xdata(1))]; 
  
[~,pos_full] = ode45(f,t,[0, c_A]); 
pos = pos_full(:,1); 
end 
 
